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The study in this dissertation mainly focused on semiconductor nanocrystals ranging from
controllable synthesis of II-VI quantum dots in both organic phase and aqueous phase, to their
optical property and potential environmental impact. Besides, our study of fluorescent
nanomaterials was extended from semiconductor nanocrystals to another system, carbon dots. In
the first project, an unconventional method to induce anisotropic growth of CdS arms on CdSe/CdS
seeds was developed to form nanotetrapods. Our control experiments suggested the key role of
CdS shell thickness of CdSe/CdS seeds and concentration of precursor for CdS growth in the
growth of nanotetrapods. Our results show that the branching came from a zinc blende phase
formation at the slow growing end of c-axis of wurtzite CdSe/CdS seeds due to the enrichment of
stacking fault. The second work focused on the study of blinking properties of CdSe/CdS core/shell
QDs with various morphology, surface capping ligands, and shell growth chemistry. Outstanding
blinking suppression has been observed with hexagonal pyramid and bipyramid QDs, especially
the bipyramid QDs. Besides, there are more off-state events observed with QDs coated with
hydrophilic ligands, while the quantum yield was slightly decreased after ligand exchange reaction.
Additionally, QDs prepared with the newly developed shell growth chemistry have been observed
with lower on time fraction and an effect of core size on the blinking properties. The third work
focused on the study on how Hg interacts with nanoparticles using aqueous CdSe nanoparticles
capped with l-cysteine as a model system. The fluorescent nature of CdSe nanoparticles allows us
to study the interaction of Hg ion with CdSe nanoparticles via photoluminescence spectra and

Xudong Wang
University of Connecticut, 2020

photoluminescence decay. Results of ICP-MS measurements of CdSe NPs and the separated
solution obtained after addition of Hg ions excluded the cation exchange of Cd2+ by Hg2+ except
at very high Hg to Cd ratio. XPS further suggested that the Hg was bound to the amine and
carboxylate group of l-cysteine capping agent on the nanoparticle surface. The fourth project is an
experimental study of fluorescent carbon nanodots on their photoluminescence response to
external electric field. Fluorescent carbon dots were synthesized using procedures modified from
oil phase synthesis of QDs with citric acid as the reactants. The carbon nanodots showed
remarkable excitation dependent emission properties. After encapsulated in artificial lipid bilayers,
the carbon dots showed competitive sensitivity of voltage compared to the most used commercial
membrane potential sensing dyes, which indicates great potential of carbon dots as alternative
voltage sensing probes.
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Chapter 1: Introduction
1.1 Fluorescent Nanomaterials
Fluorescent nanomaterials are materials in nanometer scale with the capability of emitting light
under proper excitation. The development of fluorescent nanomaterials has attracted tremendous
attention in the past few decades due to their outstanding size-dependent properties and great
advantages over organic dye molecules, such as tunable emission, high absorption coefficient, and
abundant surface functionalization.1 In this dissertation, we are mainly focusing on two systems
of fluorescent nanomaterials, semiconductor nanocrystals, also known as quantum dots, and
carbon dots.
1.2 Quantum Dots
Quantum dots (QDs) are tiny semiconductor nanocrystals with a few nanometers in size, and
unique optical and electronic properties due to quantum confinement of excitons. They were first
discovered in both solid matrix and colloidal solutions in late 1980s.2,3 Quantum dots are one of
the star nanomaterials in both fundamental science and practical application in the past few decades
because of their size-dependent optical and electronic properties.
1.2.1. Quantum Confinement and Tunable Emission of Quantum Dots
Compared with fluorescent organic dyes, QDs have a lot of advantages in optical properties, such
as tunable emission, high quantum yield and excellent photostability. Emission of QDs can be
easily tuned by controlling the size of nanocrystals due to the size dependence of quantum
confinement in semiconductor nanocrystals. When the size of a semiconductor crystal is smaller
than twice the Bohr radius of an exciton in the bulk counterpart, the electron and hole of an exciton

1

Figure 1. 1 Illustration of quantum confinement effect in semiconductor nanocrystals.
are forced to stay within a tiny space which is smaller than the equilibrium distance of them (Bohr
diameter of exciton). In consequence, the energy levels in both valence band and conduction band
become discrete and more energy is needed to excite the electron from the valence band to the
conduction band due to the strong electron-hole interaction in a confined space. Therefore, the
band gap energy of a semiconductor nanocrystal is larger than the corresponding bulk material.
The smaller the size, the stronger the interaction, the larger the band gap, which represents the
energy of emitting photons generated from the radiative recombination of excited electrons in
conduction band and holes in valence band. The confinement of electrons in a quantum dot can be
modeled with particle-in-a-box model and the the band gap energy of a quantum dot can be
expressed as the following Brus equation2:
ℎ2
1
1
1.8𝑒 2
∆𝐸(𝑟) = 𝐸𝑔𝑎𝑝 + ( 2 ) ( ∗ + ∗ ) −
8𝑟
𝑚𝑒 𝑚 ℎ
4𝜋𝜀𝜀0 𝑟
2

1.1

∆E(r) is the band gap of a quantum dot; Egap is the band gap energy of the bulk materials; 𝑚𝑒∗ and
𝑚ℎ∗ are the effective masses of the electron and hole, respectively; r is the radius of the dot and h
is the Plank’s constant; e is the charge of the electron; ε is the dielectric constant of material and
ε0 is the vacuum permittivity constant.
1.2.2 Blinking of Quantum Dots
Although QDs have great advantages over traditional organic dyes, blinking, known as
fluorescence intermittency, has been observed with single QDs. 4 Blinking is defined as random
switching between the bright state and dark state of an emitter under continuous excitation. The
random off period in blinking is one major drawback of QDs in bioimaging applications especially
the tracking based on single-particle emission signal.5 The mechanism of blinking of quantum dot

Figure 1. 2 Illustration figure of Auger recombination of trions.
is still under debating, but most of the researchers agree that the blinking is related to the Auger
recombination of photocarriers.6 Auger recombination is a non-radiative multicarrier process in
which the electron-hole recombination energy is not converted into an emitting photon. Instead,
the energy transferred to a third photocarrier and the phonon in the following vibrational relaxation.
To overcome this drawback, Hollingsworth et. al. prepared “giant” QDs with thick shell with
suppressed blinking behavior.7 The thick shell can protect the photocarrier of an exciton from
ejecting or trapping to the energy level of surface defect states and decrease the probability of
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charging and auger recombination in the core/shell quantum dot, leading to QDs with suppressed
blinking or even non-blinking features. It is also reported that the smooth band alignment due to
the gradient alloyed core-shell interface could also suppress the Auger recombination and
eliminate the blinking of QDs.8
1.2.3 Synthetic Methods of Quantum Dots
Quantum dots can be prepared with both physical methods such as plasma synthesis9 and chemical
method such as colloidal synthesis10. Due to the scalability, convenience of benchtop conditions,
and narrow size distribution of the nanocrystals, colloidal chemistry method is the most popular
preparation method in fundamental research and promising in industrial applications.
1.2.3.1 Oil Phase Synthesis of Quantum Dots
The colloidal synthesis of QDs was firstly reported as a hot-injection method by Bawendi et al.
based on thermal decomposition of organometallic and coordinated chalcogenide compounds in
early 199011 Typically, chalcogenide precursors coordinated with trioctylphosphine or methylsilyl
were quickly injected into a reaction mixture of protecting ligands (trioctylphosphine and
trioctyphosphine oxide), and cadmium precursor (dimethylcadmium) at very high temperature
(250-300 °C). During the reaction, the precursors decompose into atoms, nucleate at
supersaturation condition, and grow into semiconductor nanocrystals with narrow size distribution.
Since then, a lot of improvements in this method have been reported covering the concern in the
toxicity of reactants, cost of reactions, operational convenience, and reproducibility. 12-17
Due to the large surface atom ration of nanocrystals and steric effect of protecting ligands, it is
very challenging to avoid the presence of unsaturated surface atoms. The dangling bonds of
unsaturated atom would trap electrons at excited state decreasing the emission efficiency and
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broadening the emission peaks. To overcome this problem, researchers applied seed-mediated
colloidal synthesis of QDs to grow semiconductor shell with large band gap, leading to a higher
photoluminescence quantum yield due to better protection of electron/hole of the excitons and
higher with the shell. Besides, the seed-mediated core/shell growth method can balance the
nucleation and growth processes, providing better control in monodispersity and even
morphological uniformity compared to one-pot synthesis. For example, Peng et al. developed the
successive ionic layer adsorption and reaction method to grow CdS shell with controlled number
of monolayer on CdSe.18 And Bawendi’s group reported the synthesis of high-quality CdSe-CdS
core-shell nanocrystals with high uniformity, high quantum yield, narrow spectrum linewidth, and
suppressed blinking using slowly continuous injection of cadmium oleate and octanethiol
precursors.19
To obtain nanocrystals with different optoelectronic properties from spherical QDs due to
dimension dependent quantum confinement, symmetry breaking in shell growth has been
developed more recently. 20-26 Nanocrystals with quantum confinement in different dimensions
have been synthesized such as nanorods21,22 , nanoplatelets25,26 , and nanotetrapods20,22-24. The key
factor to break the symmetry of crystal growth is to obtain different growth rates on various crystal
facets resulting in anisotropic growth. A common strategy for breaking the symmetric growth of
the shell is using additional ligands such as phosphonic acids22 and halide ions27 which selectively
bind onto specific crystal facets to control the surface energy and growth rate of those facets. For
example, Most of the tetrapodal QDs were synthesized from zinc blende (ZB) seeds because of
the tetrahedral symmetry of (111) crystal facets in the ZB phase. Arms along the [001] direction
in the wurtzite (WZ) phase could grow on the four (111) planes epitaxially to produce tetrapod

5

structures due to the small crystal lattice mismatch between the (111) plane of the ZB phase and
the (002) plane of the WZ phase.22,28
1.2.3.2 Aqueous Phase Synthesis of Quantum Dots
Due to the hydrophobicity of oil-phase QDs, additional surface modification steps are necessary
to make the QDs dispersible in aqueous solution for further biological applications such as
biolabeling and bioimaging. Thus, aqueous phase synthetic methods of QDs have been developed
to prepare QDs in aqueous solution. Different from oil-phase synthesis, typically aqueous methods
need thiol-containing molecules to protect and stabilize the nanocrystals. Typically, the cation and
anion precursors nucleate and grow into nanocrystals when refluxing at 100 °C during the reaction.
Due to lower reaction temperature compared to oil-phase synthesis, the nucleation and growth
cannot be well separated and crystallinity of nanocrystals is not as good as QDs produced with oilphase methods. The colloidal stability is coming from the electrostatic repulsion of surface charge,
so the stability of QDs made from aqueous methods is normally sensitive to the pH of the solution.
Although quantum dots from aqueous phase methods have lower fluorescence quantum yield,
worse size uniformity and stability, aqueous phase methods have still attracted great attentions
owing to the hydrophilic surface of QDs, the environmental friendliness of reactants, and costeffectiveness.29
1.2.4 Applications of Quantum Dots
Quantum dots are very promising in a wide range of applications due to their outstanding
optoelectronic properties, such as biosensing30, bioimaging31, display32, and photovoltaics33-35.
Bright QDs are superior fluorescent probes for biosensing and bioimaging because of the broad
absorption, large absorption coefficient, high quantum yield, and outstanding photostability
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compared to traditional organic dyes. With proper surface functionalization of molecules with
selective binding affinity, QDs can be applied as selective biosensing probes and targeting
bioimaging probes to target and visualize proteins, nucleic acid, and even tumor cells in
fluorescence microscopy.30,30
Due to the excellent emitting properties, QDs are very promising in the application of displays.
The first generation of quantum dot displays, also known as QLED displays in the market currently,
are not real QD-LED displays. Instead of light emitting material in LED, the role of QDs is the
color enhancement layer or pixel color filter. The present QLED is more like a modified version
of LED-backlit LCD in which QDs are working as a light conversion layer to convert the LED
backlighting in LCDs into pure red and green colors. The combination of blue color from the
backlight with pure green and red color resulting from QD conversion layer leads to decreased
blue-green crosstalk and light absorption in the color filters in the LCD screen due to the sharp
emission peaks of QDs. Therefore, the purity and gamut of colors, and brightness and energy cost
of displays of the so-called QLEDs are improved compared with traditional LED-backlit LCD
screen. Currently, scientists are working on using QD layer as light emitting layer in light emitting
diode pixels to develop the next generation of QLED display with greatly improved energy cost
efficiency.36
The size-dependent band gap energy and high absorption coefficients make semiconductor
nanocrystals as outstanding light harvesting systems in photovoltaics, especially in the UV and IR
range in solar radiation spectrum in which silicon solar cells have low energy conversion
efficiency.34,34 With doped QD or hybrid systems, the solar energy conversion efficiency can be
increased even more making use of the multiexciton generation.33

7

1.2.5 Environmental Aspects of Quantum Dots
Although semiconductor nanocrystals, also known as QDs, have great advantages over organic
dye molecules and tremendous promise in various applications, the drawbacks related to human
hazards and environmental aspects cannot be ignored.
The human hazards of quantum dots have been focused on cadmium containing QDs mainly
because of the release of free cadmium ions, which is carcinogenic and can cause diseases in
kidney, respiratory system, reproductive system, and skeletal system of human beings.37 Another
origin of the toxicity of QDs is related with the production of reactive oxygen species with
irradiated QDs since the reactive oxygen species are harmful to cellular proteins, lipids and even
DNA.38
With the fast development of nanomaterial and nanotechnology, an increasing amount of
nanomaterials including QDs are recently released to the environments and possibly the aquatic
ecosystem in which various micro-organisms, plants and animals may influence the fate of QDs.
Considering the transformation and bioaccumulation of QDs, more and more attentions should
paid to the potential environmental aspects of QDs. Besides the release of cadmium ions and
reactive oxygen species, the organisms in the aquatic ecosystem open up new routes for the
transformation of QDs by uptake and bioaccumulation through food chain. 39 The organic matters
impact the bioavailability of QDs in the uptake process.40 Nanoparticles may also influence the
transformation of other toxin or pollutant making them more hazardous. For example, the
coordination between Hg ion and FeS particles influences the solubilization of Hg and the further
methylation to more toxic methylmercury species.41
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1.3 Carbon Dots
Carbon dots represents carbon nanoparticles with fluorescent properties broadly, which are a kind
of promising fluorescent materials. Carbon dots have attracted attentions due to their outstanding
properties, such as multicolored emission, low toxicity, and good biocompatibility. 42 These
properties make carbon dots as promising alternative materials of semiconductor quantum dots.
Depending on the carbon sources, the preparation of carbon dots can be divided into top-down
method from graphene analogs and bottom-up method from organic molecules or polymers.43 A
unique featured optical property of carbon dots is excitation wavelength dependent emission,
which provides different bioimaging windows to eliminate the interference of fluorescence from
the matrix. Although a well-known mechanism of this phenomenon has not been established, a lot
of research suggests that the emission of carbon dots is influenced by the size, surface functional
groups, or fluorescent molecular moieties. 44,45
1.4 Dissertation Overview
The goal of this dissertation was to study the synthesis, optical properties and potential
environmental aspects of fluorescent nanomaterials. The study mainly focused on II-VI
semiconductor nanocrystals, specifically CdSe and CdS systems, in both oil phase and aqueous
phase. At the same time, we have also explored the properties and potential applications of other
fluorescent nanomaterials, such as carbon dots.
Chapter one focuses on the introduction of the background of our research, providing basic
knowledge of the fluorescent materials studied in this dissertation. Firstly, different aspects of
semiconductor nanocrystals have been demonstrated from the quantum confinement effect to the
synthesis in oil/aqueous phase and potential environmental hazards. Next, a brief introduction of
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carbon dots was given, which is related with the study on the optical response of fluorescent carbon
dots with external voltage.
Chapter two came from the unexpected anisotropic growth during the synthesis of non-blinking
CdSe/CdS core/shell quantum dot with thick shell in oil phase. Starting from that point, we
developed an unconventional method to induce anisotropic growth of CdS arms on CdSe/CdS
seeds. With appropriate CdS shell thickness of the CdSe/CdS seeds and precursor concentration,
CdSe/CdS tetrapod nanostructures were obtained successfully. Our control experiments suggested
the key role of CdS shell thickness of CdSe/CdS seeds and concentration of precursor for CdS
growth in the growth of nanotetrapods. Using transmission electron microscopy to track the
evolution of tetrapod from spherical seeds, we found that the branching came from a zinc blende
phase formation at the slow growing end of c-axis of wurtzite CdSe/CdS seeds due to the
enrichment of stacking fault.
Chapter three focused on the study on how Hg interacts with nanoparticles using aqueous CdSe
nanoparticles capped with l-cysteine as a model system. Specifically, we examined whether the
interaction of Hg with the nanoparticles was due to incorporation of Hg into the core of the
nanoparticles (metal exchange or surface precipitation), or purely due to surface interactions. The
fluorescent nature of CdSe nanoparticles allows us to study the interaction of Hg ion with CdSe
nanoparticles via photoluminescence spectra and photoluminescence decay. Results of ICP-MS
measurements of CdSe NPs and the separated solution (obtained after addition of Hg ions)
excluded the cation exchange of Cd2+ by Hg2+ except at very high Hg to Cd ratio. XPS further
suggested that the Hg was bound to the amine and carboxylate group of l-cysteine capping agent
on the nanoparticle surface.
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Chapter four extended the study of fluorescent nanomaterials from semiconductor nanocrystals to
another system, carbon dots. In this chapter, fluorescent carbon dots were synthesized using
procedures modified from oil phase synthesis of QDs with citric acid as the reactants. The carbon
nanodots showed remarkable excitation dependent emission properties. After encapsulated in
artificial lipid bilayers, the carbon dots showed competitive sensitivity of voltage compared to the
most used commercial membrane potential sensing dyes.
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Chapter 2: Anisotropic Arm Growth in Unconventional Semiconductor
CdSe/CdS Nanotetrapod Synthesis Using Core/Shell CdSe/CdS as Seeds
Reprinted and modified with permission from: X. Wang, S. Chen, S. Thota, Y. Wang, H. Tan, M.
Tang, Z. Quan and J. Zhao, J. Phys. Chem. C, 2019, 55, 1249-1252. Copyright 2019 American
Chemical Society
2.1 Abstract
Anisotropic semiconductor CdSe/CdS tetrapods exhibit unique dimension-dependent quantum
confinement and efficient charge separation/transport along the arms, making them useful in a
wide range of optoelectronic applications. Traditionally, the CdSe/CdS tetrapods were produced
by anisotropic CdS growth on zinc-blende CdSe core, induced by ligands that selectively bind to
specific facets of CdSe. In this work, we report an unconventional method to grow CdSe/CdS
nanotetrapods using wurtzite CdSe/CdS core/shell nanocrystals as seeds, without the aid of
selective-binding ligands. The CdS layer thickness in the seeds and the Cd and S precursor
concentrations have a significant impact on the morphology of CdS growth. The tetrapods we
obtained has one arm much longer than the other three. Through detailed transmission electron
microscopy study, we found the anisotropic arms resulted from the stacking faults occurred in the
growth, which induced a local phase change from wurtzite to zinc blende at one end of the
CdSe/CdS nanocrystal. This special crystal growth mechanism can be applied to other seedmediated methods to produce anisotropic nanostructures.
2.2 Introduction
Colloidal quantum dots (QDs) are semiconductor crystals in the nanometer scale which have
unique optical and electronic properties due to quantum confinement of excitons. Supreme optical
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behaviors of QDs including size-dependent, composition-dependent and morphology-dependent
emission, high photoluminescence quantum yield (QY) and good photostability provide QDs great
opportunities in a wide range of applications, such as sensing1, light-emitting devices2-4,
photovoltaics5-7, bioimaging8,9. To obtain QDs with desired optical properties, many controllable
syntheses of high-quality QDs have been developed in the past decades.10-17 Among these methods,
a lot of efforts have been made in growing a shell around a semiconductor core because the
epitaxially grown shell can eliminate dangling bonds and surface trapping defects, which are
responsible for the low QY and photostability of cores alone.12,13,15,16 More importantly, the seedmediated core/shell growth method can balance the nucleation and growth processes, providing
better control in monodispersity and even morphological uniformity compared to one-pot
synthesis.18
More recently, symmetry break in shell growth has been attempted to produce anisotropic QDs,
which exhibit different optoelectronic properties from spherical QDs due to dimension-dependent
quantum confinement.19-25 In particular, core/shell tetrapod QDs has efficient charge separation
and carrier transport along the arms. Such behavior makes them promising in a wide range of
optoelectronic applications, for instance, dual electroluminescence26, photovoltaics27, nearinfrared photodetector28, electron transistor29, optical strain gauge30, and photocatalysis31. The
anisotropic morphology of the shells mainly comes from the different growth rate in different
directions due to surface energy difference between various crystal facets of the cores. A common
strategy for breaking the symmetric growth of shell is using additional ligands such as phosphonic
acids21,22 and halide ion32 which selectively bind onto specific crystal facets to control the surface
energy and growth rate of those facets. Most of the tetrapodal QDs especially in CdSe and CdS
based systems were synthesized from zinc-blende (ZB) seeds because of the tetrahedral symmetry
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of (111) crystal facets in the ZB phase. Arms along [001] direction in wurtzite (WZ) phase could
grow on the four (111) planes epitaxially to produce tetrapod structures due to the small crystal
lattice mismatch between the (111) plane of ZB phase and the (002) plane of WZ phase33.
In this work, instead of the commonly used secondary ligands controlled anisotropic shell growth,
we developed a method to induce anisotropic growth of CdS arms on CdSe/CdS core/shell seeds,
different from the most commonly used CdSe seeds. No ligands that have the selective binding
capability to specific crystal facets were added into the reaction mixture. Using this method,
CdSe/CdS tetrapods have been synthesized via a two-step seed-mediated growth method with the
initial CdSe seeds in the WZ phase, instead of ZB phase as reported in most of the previous
literatures. Scheme 1.1 illustrates the growth process. Briefly, a very thin layer of CdS was firstly
grown on the surface of WZ CdSe nanocrystals. Then the CdSe/thin CdS QDs were used as seeds
in the following synthesis of CdSe/CdS tetrapod nanostructures under successive injection of
precursors at high concentrations. Experimental results showed that the thickness of CdS layer in
CdSe/CdS seeds and the Cd/S precursor concentrations had great influence on the anisotropic
growth of the CdS shell.

Scheme 2. 1 Scheme of synthetic route of CdSe/CdS tetrapods
2.3 Experimental Methods
2.3.1 Chemicals
Cadmium oxide (>99.99%), oleic acid (technical grade, 90%), 1-octadecene (ODE, technical grade,
90%), selenium powder (~100 mesh, ≥ 99.5%), trioctylphosphine (TOP, technical grade, 90%),
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oleylamine (70%), and 1-octanethiol (> 98.5%) were obtained from Sigma-Aldrich.
Trioctylphosphine oxide (TOPO, ~99%) was bought from Fisher. Hexane was purchased from
Sigma-Aldrich. Ethanol (200 proof) was got from J. T. Baker. All chemicals were used as obtained
without any purification.
2.3.2 Preparation of 0.2 M Cadmium Oleate Solution
Cadmium oxide (0.2568g, 0.002 mol), oleic acid (3.8 mL) and ODE (6.2 mL) were mixed in a
flask. The mixture was heated up and degassed under vacuum until 100 °C. Then the mixture was
kept at 180 °C for 10 min under nitrogen flow to get a clear solution.
2.3.3 Synthesis of CdSe Cores
The synthesis of CdSe cores referred to a previous literature with slight modification34. Typically,
a mixture of 0.2 M cadmium oleate solution (0.1 mL), TOPO (0.3 g), oleylamine (1 mL), and ODE
(4 mL) were heated up and degassed under vacuum before reaching 100 ℃. Then the mixture was
heated up to 240 °C under nitrogen flow. Se precursor (16 mg of Se powder dissolved in 0.3 mL
of TOP and 0.7 mL of ODE) was quickly injected into the flask. The size of CdSe nanocrystals
increases with the reaction time. When a desired size was reached, the heating mantle was removed
to quench the reaction. After the reaction, CdSe cores were precipitated with ethanol and separated
by centrifugation. Finally, CdSe cores were redispersed in hexane. The concentration of CdSe
solution was determined via UV-Vis absorption measurement according to a previous literature35.
2.3.4 Synthesis of CdSe/CdS Core/Shell Nanocrystals
The procedures were similar to a previously reported method15. In a typical synthesis, 10 nmol of
CdSe solution, 4 mL of oleylamine and 4 mL of ODE were mixed in a flask and heated up. The
mixture was degassed under vacuum until the temperature reached 100 °C to get rid of hexane,
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water and oxygen in the flask. Then the mixture was heated up to 290 °C under nitrogen flow.
When temperature reached 240 °C, a desired amount of cadmium (II) oleate (0.2 M cadmium
oleate solution diluted to 3 mL with ODE) and octanethiol (1.2 equivalent amounts refer to Cd
oleate diluted with ODE to 3 mL) were injected dropwise into the reaction mixture at a rate of 1.5
mL/ hr using a syringe pump. After infusion, the heating mantle was removed to stop the reaction.
CdSe/CdS core/shell QDs were purified twice by precipitation with ethanol and redispersion with
hexane.
2.3.5 Synthesis of CdSe/CdS Tetrapods
The detailed procedures of the synthesis CdSe/CdS tetrapod structure are very similar with the
above procedures of spherical QDs except using CdSe/CdS as seeds and with higher concentration
of precursors. Typically, a thin layer of CdS was grown on the surface of CdSe nanocrystals by
successive injection of precursors first. Then 10 nmol of purified CdSe/CdS solution was mixed
with 4 mL of oleylamine and 4 mL of ODE in a flask and heated up. The mixture was degassed
under vacuum until reaching 100 °C and then heated up to 290 °C under nitrogen flow. When
temperature reached 240 °C, 1.40 mL of 0.2 M cadmium oleate solution diluted to 3 mL with ODE
and 1.68 mL of 0.2 M octanethiol diluted with ODE to 3 mL were injected dropwise into the
reaction mixture at a rate of 1.5 mL/ hr using a syringe pump to produce CdSe/CdS tetrapods.
After infusion, the reaction mixture was kept at 290 °C for another 30 mins and then the heating
mantle was removed to stop the reaction. 1 mL of oleic acid was added into the reaction solution
when the temperature reached 240 °C during the cooling down process. CdSe/CdS tetrapods were
precipitated by adding ethanol and redispersed in hexane twice.
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2.3.6 Instrumentation
UV-Vis absorption spectra were taken on an Agilent Technologies Cary-60 UV-Vis spectrometer.
Photoluminescence spectra were measured with a Horiba Fluoromax Plus Fluorometer. Hexane
was the solvent of samples. Transmission electron microscopy (TEM) images were taken using a
Tecnai T-12 microscope at an accelerating voltage of 200 kV. High-resolution TEM (HR-TEM)
images, high angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
images, and energy-dispersive X-ray (EDX) mapping images were captured with a Thermo FisherTalos microscope at an accelerating voltage of 200 kV. X-ray Powder Diffraction (XRD) patterns
were measured using a Rigaku Ultima IV power X-ray Diffractometer with Cu Kα radiation
operated at a tube voltage of 40 kV and current of 44 mA.
2.4 Results and Discussion
2.4.1 Structural and Composition Characterization of CdSe/CdS Nanotetrapods
Fig. 2.1A shows a representative TEM image of CdSe/CdS tetrapods. Most tetrapods appear to
have one long arm and three short arms with similar length, as also observed in a large area image
(Fig. 2.2). Their morphology is very different from the reported tetrapod structures with four arms
of equal length19,21,22,32. As shown in the HR-TEM image of a single tetrapod (Fig. 2.1B), the lattice
fringes of the long arm have an interplanar spacing of 0.338 nm, corresponding to the (002) planes
of CdS in the WZ phase. The lattice fringes of one short arm in Fig. 1C showed a clear hexagonal
packing pattern with the d-spacing of 0.362 nm corresponding to {100} crystal planes of WZ CdS.
This indicates the arm was growing along the c-axis of WZ phase. The elemental distribution in
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Figure 2. 1 Representative TEM image of CdSe/CdS tetrapod; (B-C) HR-TEM image of long and
short arms of tetrapod nanocrystals; (D-G) STEM-EDS mapping images of CdSe/CdS tetrapods;

(H) XRD pattern of CdSe/CdS tetrapods; (I) UV-Vis and photoluminescence spectra of CdSe/CdS
tetrapods.
the CdSe/CdS tetrapods was confirmed using STEM-EDX elemental mapping. Fig. 2.1 D-G
reveals

that

Cd

and

S

are

distributed throughout the whole
tetrapod structure, but Se is only in
the center of the nanocrystal. The
bright spot at the center of the
nanocrystal
annular

in

the

high-angle

dark-field

scanning

transmission electron microscopy
(HAADF-STEM)

image

Figure 2. 2 TEM image of CdSe/CdS tetrapods in a large area.

(Fig.
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2.1D) is coming from an arm facing the electron beam. However, we cannot totally exclude the
possibility of slight interfacial diffusion of Se, which is hard to be distinguished from the
background noise with our current instrumentation. The X-ray powder diffraction (XRD) pattern
in Fig. 1H also shows a WZ crystal structure of the CdSe/CdS tetrapod. The intense and sharp
peak of (002) crystal plane suggests a large (002) domain of WZ phase existed in the
tetrapod11,32,36-38, which is consistent with the HRTEM data in Fig. 2.1B and 2.1C. The optical
properties of the tetrapods were characterized with UV-vis absorption and PL spectroscopy. As
shown in Figure 2.1I, the absorption spectrum of the tetrapod has a broad band below 520 nm, due
to the absorption of CdS. The PL spectrum exhibits a peak at 620 nm. The PL spectral line shape
is not symmetric, likely due to the inhomogeneity of the sample and the different arm lengths of
the tetrapods. Fig. 2.3 illustrates the change in the absorption and PL spectra of the nanocrystals

Figure 2. 3 (A) UV-Vis spectral evolution during the synthesis of CdSe/CdS tetrapods from
CdSe/CdS seeds. (B) PL specra evolution dur the synthesis. (C) Peak position (red) and full width

at the half maximum (FWHM, blue) of the PL spectra vs. reaction time.
during reaction. In Fig. 2.3A, the first excitonic absorption peak red-shifted from 0 to 30 mins, as
typically observed in CdS shell growth. After 30 mins, it became hard to distinguish probably due
to the nonuniformity of size and morphology of samples during the evolution of tetrapodal
morphology, and the dominant absorption from CdS. As CdS continued to deposit on the
nanocyrstal, the intensity of broad absorption band below 520 nm increased gradually (Fig 2.3A).
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Additionally, the PL maximum wavelength red-shifted from 572 nm to 620 nm with a first
decreasing and then increasing FWHM (Fig 2.3 B-C). The decreasing of FWHM can be attributed
to the size focusing during epitaxial growth and the band broadening is likely resulted from the
inhomogeneous broadening due to the inhomogeneity of the final tetrapod structures.
2.4.2 Effect of CdSe Shell Thickness of CdSe/CdS Seeds on Morphology of CdSe/CdS
Nanostructures
When a secondary layer is grown on a substrate, there is a critical thickness of the secondary layer
in the transition from lay-by-layer to island-based growth, according to Stranski-Krastanov growth
mode. This transition arises from the interfacial strain created at the interface of the substrate and
the secondary layer, which needs to be released when the thickness of secondary layer becomes
larger than the critical thickness.39,40 In our system, although CdSe and CdS have very small lattice
mismatch which suggests the strain may be small between them, the thickness of CdS layer in
CdSe/CdS could still influence the further growth behavior of CdS to produce tetrapod
nanostructures. To examine the effect of CdS thickness, a series of CdSe/CdS nanocrystals with
different thickness of CdS were prepared and used as seeds for a secondary CdS growth. First, WZ
CdSe nanocrystals were synthesized with a reported hot injection method with a little
modification.34 Then CdS of varying thickness was grown onto CdSe cores and the core/shell
nanocrystals (characterizations shown in Fig. 2.4) were used as seeds to perform the second step
of CdSe/CdS tetrapod synthesis.
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Figure 2. 4 (A-D) TEM images of CdSe (A) and CdSe/CdS with increasing thickness of
CdS shell (B-D); (E) XRD patterns of CdSe and CdSe/CdS with different thickness of CdS
shell; (E) corresponding UV-Vis spectra and photoluminescence spectra of CdSe and
CdSe/CdS nanocrystals.
As shown in Fig. 2.4A, the average diameter of the CdSe particles is around 3.2 nm. Spherical
CdSe/CdS nanocrystals were obtained using continuous precursor injection method with
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appropriate concentrations of Cd-oleate and octanethiol precursors. Fig. 2.4 B-D shows that the
average sizes of CdSe/CdS nanocrystals increased from 5.35 nm (3ML CdS) to 7.75 (7 ML CdS)
and 13.27 nm (15 ML CdS) with the concentrations of precursors. CdSe/CdS nanocrystals were
synthesized through an epitaxial pathway and maintained WZ crystal phase of CdSe seeds, which
was confirmed by the XRD patterns in Fig. 2.4E. With thicker CdS shell coating, the diffraction
peaks in XRD patterns of nanocrystals shifted from the positions of standard WZ CdSe pattern
towards the diffraction peak positions of standard WZ CdS pattern. Meanwhile the diffraction
peaks got narrower and more intense due to the larger crystal domain with increased diameter.
This is consistent with the redshift of the first excitonic absorption peak in the UV-Vis spectra and
the emission peak in the fluorescence spectra (Fig. 2.4F).

Figure 2. 5 UV-Vis and PL spectra of nanocrystals after secondary CdS growth using the
seeds in Fig. 2.4, respectively. (A) CdSe as seeds; (B) CdSe/3 ML CdS as seeds; (C)
CdSe/7 ML CdS as seeds; (D) CdSe/15 ML CdS as seeds.
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With continuous injection of the same amount of precursors at the same rate, the obtained
nanocrystals showed very different morphology (optical characterization shown in Fig. 2.5).
Tetrapods with arms of low aspect ratio (Fig. 2.6A) were obtained using CdSe only as seeds (Fig.
2.4A). When nanocrystals composed of CdSe core and 3 monolayers (MLs) of CdS were used as
seeds, the anisotropic growth of CdS was remarkable and tetrapods with one long arm and three
short arms were produced (Fig. 2.6B). If the thickness of CdS in the seeds was increased to 7 MLs,
the anisotropic growth was not as prominent as when the CdSe/CdS-3 MLs were used as seeds,
producing nanocrystals in irregular popcorn-like shape (Fig. 2.6C). The anisotropic growth almost
disappeared using seeds with even thicker CdS shell (15 MLs), resulting in the production of quasispherical CdSe/CdS nanocrystals (Fig. 2.6D). The XRD patterns of products in Fig. 2.6 A-D are
shown in Fig. 2.6E (a-d), respectively. The positions of diffraction peaks of all patterns correspond
to a crystal structure in WZ phase, but the relative intensity is different from that of the standard
pattern, reflecting a preferential growth orientation of CdSe/CdS nanocrystals. Especially when
anisotropic growth was dominant in the secondary growth of CdS shell, the intensity and sharpness
of diffraction peak of the (002) plane increases with increased aspect ratio of the arms, indicating
the preferential growth along c-axis. We attribute the influence of CdS shell thickness in the seeds
on the morphology of product to the synergetic effect of particle size and wetting. Considering the
size of the seeds, larger seeds (Fig. 2.4 B-D) leads to more uniform growth along different crystal
facets of the seeds, resulting in more isotropic growth (Fig. 2.6 B-D). The smaller spherical seeds
have larger surface curvature and larger fraction of surface atoms than the bigger ones. It has been
reported that larger surface curvature provides a less dense layer of ligands on the surface of the
nanocrystals, which makes the inorganic part of the nanocrystals more chemically accessible, thus
lowered the activation energy barrier of shell growth.41 Furthermore, larger surface atom fraction
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Figure 2. 6 TEM images and XRD patterns of nanocrystals after secondary CdS growth using
the seeds in Fig.S2, respectively. (A) CdSe as seeds; (B) CdSe/CdS-3 MLs as seeds; (C)
CdSe/CdS-7 MLs as seeds; (D) CdSe/CdS-15 MLs as seeds. (E) The XRD patterns (a-d) of
products corresponding to Fig. 2 A-D.
results in a higher surface energy of the nanocrystals, which makes them more reactive and
potentially gives rise to a higher growth rate in seed-mediated growth. Thus, it is kinetically
favorable to induce anisotropic growth with smaller seeds. If size is the only factor, we expect to
observe tetrapods with the highest aspect ratio of the arms when CdSe cores were used as seeds.
However, the difference in the morphology of products in Fig. 2.6A and Fig. 2.6B did not follow
the expectation. Nanocrystals in Fig. 2.6A has much shorter arms than that in Fig. 2.6B. We
attribute the cause to the wetting effect of the thin CdS layer in the seed. Wetting between the seed
(either CdSe or CdSe/thin CdS) and the overgrown material (CdS) is defined by the contact angle
between the two. Poor wetting leads to large heterogeneous nucleation energy barriers; while good
wetting results in low heterogeneous nucleation energy barriers to overgrow the new material on
the seed nanoparticles.42 Although there is very small crystal mismatch between the lattice constant
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of WZ CdSe and CdS, the energy barrier of growing CdS on the surface of CdSe nanocrystal is
still higher than that on the surface of CdS nanocrystal due to the strain generated at the interface.
Thus, the initial few of CdS layers work as the wetting layer for further CdS growth. With the
continuous injection of precursors at high concentration, the impact of the CdS wetting layer was
significant. The CdS layer facilitates the rapid deposition of more CdS and results in the kinetically
controlled anisotropic growth, producing tetrapod structures. The CdSe/ CdS-3MLs seeds offer
both high surface energy, low activation barrier, and minimal lattice strain; thus, the anisotropic
growth of CdS arms is the most remarkable to produce tetrapodal structures with high aspect ratio
of arms.

Figure 2. 7 TEM images of CdSe/CdS growing from CdSe/CdS-3 MLs with increasing
concentrations of precursors. (A) 0.0167M Cd-oleate and 0.0200M octanethiol; (B) 0.0507M
Cd-oleate and 0.0608M octanethiol; (C) 0.0930M Cd-oleate and 0.1116M octanethiol;
(D)0.133M Cd-oleate and 0.160M octanethiol.
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2.4.3. Effect of Precursor Concentration on the Morphology of CdSe/CdS Nanostructures
Monomer concentration is another key factor controlling reaction kinetics in seed-mediated growth
of nanocrystals. To investigate the role of precursor concentration on the tetrapod formation, a set
of shell growth experiments using CdSe/ CdS-3 MLs seeds were carried out with varying
concentrations of Cd and S precursors. Specifically, 3 mL of Cd-oleate at 0.0167M, 0.0507M,
0.0930M and 0.133M were injected at a rate of 1.5 mL/ h, respectively. S precursor was 1.2
equivalent amount of Cd-oleate for each reaction. As shown in Fig. 2.7 A-D, increasing precursor
concentration induced anisotropic growth of CdS (optical characterization shown in Fig. 2.8). With

Figure 2. 8 UV-Vis and PL spectra of CdSe/CdS nanocrystals growing from CdSe/3ML
CdS with increasing conecentrations of precursors. (A) 0.0167M Cd-oleate and 0.0200M
octanethiol; (B) 0.0507M Cd-oleate and 0.0608M octanethiol; (C) 0.0930M Cd-oleate and
0.1116M octanethiol; (D)0.133M Cd-oleate and 0.160M octanethiol
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addition of low concentrations of precursors (0.0167M Cd-oleate and 0.0200M octanethiol),
polyhedral CdSe/CdS nanocrystals already formed instead of spherical ones. Nanocrystals in
truncated triangular shape and hexagonal shape can be distinguished in the TEM image (Fig. 2.7A).
Since the TEM image can only show the 2D projection of the nanocrystals, we believe that
nanocrystals in Fig. 2.7A are hexagonal pyramid shape, similar to that reported by Chen’s group43.
However, under the same reaction conditions except that the seeds were changed to CdSe, only
spherical core/shell QDs were obtained, as shown in Fig. 2.4D. This phenomenon demonstrated
again the wetting effect of the thin CdS layer in the seeds on anisotropic growth of CdS, as
discussed above. With increased concentrations of precursors (0.0507M Cd-oleate and 0.0608M
octanethiol), rhombus and multi-pod nanostructures were observed (as shown in Fig. 4B),
indicating anisotropic growth in more directions. Tetrapod CdSe/CdS nanocrystals were produced
when adding 0.0930M of Cd-oleate and 0.1116M of octanethiol. If the concentration of the
precursors increased even more, tetrapod nanostructures could still be obtained (Fig. 2.7D), but
there were more obvious stacking faults in the arms of tetrapods due to the very high growth rate.
The dependence the morphology of the product on the precursor concentration shows its critical
effect in anisotropic growth and branching of CdS shell. Based on crystal growth kinetics, with
low monomer concentration, the deposition rate is lower than the surface diffusion rate. In this
condition, the crystal growth mode stayed in the thermodynamics-controlled regime, which favors
the formation of isotropic structures, such as nanospheres. However, at high monomer
concentration, the growth is in the kinetics-controlled regime. The dominance of deposition over
surface diffusion due to high monomer concentration results in differential growth rates on
different crystal planes, in favor of anisotropic growth to produce rod or multi-pod nanostructures.
44-47

Another factor that needs to be considered here is the continuous infusion of precursors.
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Compared with other shell growth methods such as successive ionic layer adsorption and reaction
(SILAR) and one-pot synthesis, continuous precursor injection is more likely to cause anisotropic
growth of nanocrystal because the continuous injection of precursors is able to overcome the
consumption of precursors. With elevated precursor concentration, the continuous injection
maintains the precursor concentration at a high level, and thus the growth could occur in the kinetic
growth regime.32 The transformation from isotropic growth to anisotropic growth was not only

Figure 2. 9 TEM images and optical spectra of CdSe/CdS growing from CdSe seeds with
increasing concentrations of precursors. (A) 0.0507M Cd-oleate and 0.0608M octanethiol;
(B) 0.0930M Cd-oleate and 0.1116M octanethiol; (C) 0.133M Cd-oleate and 0.160M
octanethiol. (D) The UV-Vis and PL spectra (a-c) of products corresponding to Fig. 2.9 AC.
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observed for the growth of CdS on CdSe/CdS seeds, but also in the CdS shell growth on CdSe
seeds (Fig. 2.4 and 2.9), further confirming the critical effect of precursor concentration on
anisotropic growth of CdS in seed-mediated growth.
2.4.4 Tetrapod Formation Mechanism
As we discussed above, our tetrapod structure has one long arm and three short arms, all grown
along the c-axis of WZ phase. In contrast, most reported II-VI tetrapod structures have four arms
of similar length, and they were usually obtained from ZB seeds due to the tetrahedral symmetry
of (111) crystal facets in the ZB phase and small crystal lattice mismatch between WZ (002) and
ZB (111) planes. There were only a few reports showing II-VI WZ tetrapod structures grown from
WZ seeds using colloidal methods.48,49 For example, Liberato Manna’s group reported the
formation of CdSe/CdS tetrapod structure with one arm along c-axis and three arms in other
directions due to the geometric symmetry of crystal planes of pyramid-shaped WZ CdSe seeds.48
The same group also synthesized CdTe tetrapod structures with four armes all growing along caxis, because of the formation of multiple WZ twins at early stage of the crystal growth.49 However,
our results suggested a formation mechanism different from these reports. In our experiment, the
branching came from the contribution of thin CdS wetting layer in the seeds, and the continuous
injection of precursor at high concentration. The CdS arms grew epitaxially in the kinetic
controlled regime. The twinning of WZ seeds is not probable to happen since we started from
chemically more stable CdSe/CdS seeds. Although the four arms are not of the same length, their
growth direction indicates the preferential deposition along the c-axis.
To investigate the growth mechanism, especially the branching of the four WZ arms from the
starting WZ CdSe/CdS seeds, we performed detailed TEM measurements of samples taken at
different reaction time to track the crystal growth (Fig. 2.10). Our results suggested the tetrapod
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Figure 2. 10 TEM images of samples taken at different reaction time of the growth of

tetrapods from CdSe/CdS seeds. (A) 0 min, CdSe/CdS seeds; (B) 10 min; (C) 30 min; (D)
60 min; (E) final product.
growth process could be divided into mainly two stages and the branching was coming from WZ
to ZB transition due to stacking faults (Fig. 2.11A). In Stage I, CdS grew epitaxially on the seeds
with

asymmetrical preferential deposition along the c-axis of the CdSe/CdS seeds due to the

unequal polarity of (001̅) and (001) facets, forming the enlongated structure with a sharp tip at one
end (Fig. 2.11 B-C and Fig. 2.10 A-C). The facets at each end of c-axis of a WZ II-VI crystal are
chemically different. Specifically, The (001) facet is Cd terminated and (001̅) facet is chalcogenide
terminated. Since the electron-donating ligands bind exclusively to the cationic species, Cd in this
work, the more exposed (001̅) facet have more unsaturated atoms and dangling bonds than the
(001) facet. Therefore, (001̅) is more reactive than (001) in the preferential crystal growth along
the c-axis of WZ phase.45 More importantly, remarkable stacking faults and even ZB packing
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Figure 2. 11 (A) Scheme of proposed growth mechanism of CdSe/CdS tetrapods from WZ
CdSe/CdS seeds with a WZ-ZB transition due to stacking faults and TEM images of samples
taken at different reaction time of the growth of tetrapods from CdSe/CdS seeds, (B) 0 min,
CdSe/CdS seeds; (C) 30 min, with the fast Fourier transform (FFT) pattern of the dashed blue
rectangle inserted; (D) final product.
(ABCABC) were observed at the slow growing end of the samples in stage I (Fig. 2.11C and Fig.
2.12), which was crucial for the branching in the following reaction. In Stage II, branching of the
three additional arms occurred and further CdS growth (Fig. 2.11 C-D and Fig. 2.10 D-E) produced
the typical tetrapod structure presented in Fig. 2.1. In the kinetic controlled growth regime,
stacking fault is easy to form during the fast growth in our experiments, which likely leads to the
transition from WZ (ABAB) to ZB (ABCABC). Alivisatos’ group also reported the higher
distribution probability of stacking fault at the slow growing (001) end50, which supports our
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proposed growth mechanism of tetrapod structure. Meanwhile, the influence of surface ligand of
nanocrystals on ZB phase formation cannot be neglected.51-53 Peng’s group observed a ZB stacking
section on one edge of CdSe during the growth from WZ CdSe seeds with high concentration of
amine and excess precursor54, which is close to our reaction conditions in the synthesis of the
typical tetrapodal nanostructure in Fig. 2.1. Thus, they could contribute to the formation of the ZB
phase as well. In stage II, the ZB sites served as branching point and WZ CdS deposited on the
(111) faces due to the small crystal lattice mismatch, forming the additional three arms long the c-

Figure 2. 12 Typical HR-TEM images of samples taken at 30 min in the growth of tetrapods from
CdSe/CdS seeds. The yellow rectangular represents the WZ regime; the blue rectangular
represents the stacking fault enriched area and ZB regime.
axis of the WZ CdS. Owing to the tetrahedral geometry of the (111) facets of the ZB crystal
structure, three-dimensional tetrapods were produced. When the reaction continued to proceed, all
the four arms grew longer with further supply of Cd and S precursors in the second stage. As a
result, the three arms formed after WZ to ZB transition were shorter than the one formed at the
fast growing end of the WZ seed. Our results implies that under proper reaction condition in
kinetics controlled regime, WZ-ZB phase transition can be well controlled and used as an
alternative strategy in breaking the symmetry of crystal growth of II-VI nanocrystals.
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2.5 Conclusions
In summary, wurtzite CdSe/CdS core/shell nanotetrapods were synthesized using an
alkylphosphonic acid-free method to control the anisotropic growth of CdS on pre-synthesized
CdSe/CdS nanocrystals. Specifically, spherical CdSe/CdS core/shell nanocrystals were used as
seeds and anisotropic growth of CdS on the seeds was achieved by only adjusting the thickness of
CdS in the CdSe/CdS seeds and the concentration of the precursors. The thickness of CdS layer in
the CdSe/CdS seeds has a critical impact on the anisotropy of the tetrapod nanocrystals, which
served as the wetting layer for further CdS growth. Our results also suggested that isotropic growth
of CdS on the seeds transformed to anisotropic growth with increasing concentration of the
precursors. We propose that the formation of tetrapod with one long arm and three short arms is
due to local WZ to ZB transition at (001) end of the seeds caused by the stacking faults occurred
during the fast growth. Controllable polytypism of crystal structures provides us new insight of
symmetry breaking and anisotropic morphology formation in colloidal synthesis of nanocrystals.
This kinetically controlled strategy can be potentially extended to other nanocrystal synthesis
systems, providing an alternative morphology control protocol. We anticipate a differential charge
separation/diffusion along the arms with different lengths, which may be useful for the design of
complex optoelectronic transistor with semiconductor nanocrystals.
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Chapter 3: Single-particle Optical Properties of CdSe/CdS Nanocrystals with
Different Morphology, Surface Ligands, and Shell Growth Chemistry
Reprinted and modified with permission from: R. Tan, Y. Yuan, Y. Nagaoka, D. Eggert, X. Wang,
S. Thota, P. Guo, H. Yang, J. Zhao and O. Chen, Chem. Mater., 2017, 29, 4097-4108. Copyright
2017 American Chemical Society

3.1 Abstract
Photoluminescence blinking (switching between “on” and “off” emitting states) is one of the
potential limitations of quantum dots (QDs) in a wide range of applications, especially in longtime bioimaging. Great efforts have been made to prepare QDs with suppressed blinking,
especially in epitaxial growth of shell with appropriate band alignment. In this work, we studied
the single-particle optical properties of various CdSe/CdS core/shell QDs of different morphology,
surface ligands, and shell growth routes with a focus on their blinking properties. Significant
blinking suppression has been observed in hexagonal pyramid and bipyramid QDs. Moreover,
more “off” events were observed in QDs coated with hydrophilic ligands after ligand exchange
from their original hydrophobic ligands in the synthesis, even though the quantum yield only
slightly decreased after ligand exchange. Additionally, QDs prepared with a newly developed shell
growth method at lower temperature have shown lower “on” time fraction than the QDs grown at
high temperature, and their blinking properties were affected by their core size.
3.2 Introduction
Fluorescence intermittency (also known as blinking) of single-quantum dots (QDs) was discovered
in 1996,1 which is defined as random switching between the bright state and dark state of an emitter
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under continuous excitation. It has long been recognized as a potential limitation of QDs in
applications at not only ensemble scale but also the single-QD level, especially in biological
tracking based on single-particle emission signal.2-4 Thus, numerous efforts have been devoted to
explore QDs with suppressed and/or nonblinking PL to overcome the limitations.5-9 Taekjip Ha’s
group reported the presence of β-mercaptoethanol in a reasonable concentration lead to nearcomplete suppression of QD blinking in aqueous buffer solution.8 However, the change in blinking
property was not permanent and the blinking behaviors recovered when switching back to buffers
without β-mercaptoethanol. In 2008, Hollingsworth et. al. and Dubertret et. al. reported “giant”
QDs with thick shell with suppressed blinking behavior separately.6,7 The thick shell can protect
the photocarrier of an exciton from ejecting or trapping to the energy level of surface defect states
and decrease the probability of charging and auger recombination in the core/shell quantum dot,
leading to QDs with suppressed blinking or even non-blinking features. Later on, Bawendi’s group
reported the highly crystalline CdS shell resulted in suppressed blinking of CdSe/CdS QDs with
shells of only a few monolayers.5 There are also efforts made by Klimov’s group and Dubertret’s
group to suppress the Auger recombination via core-shell interface engineering to make nonblinking QDs with high biexciton quantum yield due to the gradient interface.10,11
Herein, we are aiming to develop non-blinking QD as biolabeling and bioimaging probes with
different morphology (sphere, hexagonal pyramid (HP), and hexagonal bipyramidal (HBP)),
ligands (hydrophobic and hydrophilic), and shell growth chemistry. The synthesis of these QDs
were performed in our collaborators’ groups and my work primarily focuses on the single-particle
optical properties of the CdSe/CdS core/shell QDs. We observe the nearly complete suppression
of blinking in HBP QD and spherical QDs with hydrophobic ligands. Although the quantum yield
was slightly decreased after ligand exchange reaction, there is more blinking observed in QDs
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capped with hydrophilic ligands. More off-state events were observed in QDs prepared with new
shell growth chemistry. Additionally, a remarkable influence of core size on the blinking properties
of CdSe/CdS QDs with the same shell thickness is reported in this work.
3.3 Experimental Methods
3.3.1 Materials
HP QDs and HBP QDs are prepared by Dr. Ou Chen’s research group.12 Spherical CdSe/CdS
core/shell QDs capped with hydrophobic and ligands are synthesized by Dr. Hee-Sun Han’s group
using a reported method5. Then a ligand exchange reaction was performed to obtain QDs coated
with poly(polyethylene glycol)-polymeric imidazole ligands (poly(PEG)-PILs) having functional
groups for further targeting and labeling via click reaction.13 CdSe/CdS core/shell QDs with
different core size were synthesized with a new sulfur precursor in Dr. Hee-Sun Han’s lab.
3.3.2 Single-particle Measurements
All the single particle measurements were performed with a home-built confocal fluorescence
microscope. The samples for single particle study were prepared by spin-coating highly diluted
QD solutions in hexane on No 1.5 glass coverslip so as to make the density of QDs on glass low
enough to observe isolated QDs under the microscope except QDs with hydrophilic ligands. For
hydrophilic QDs, isolated particles were attached to coverslips modified with azide groups14 by
incubation at room temperature. HP and HBP QDs were excited with a supercontinuum laser
(SOLEA, Picoquant) at 530 nm with a repetition of 2.5 MHz at an excitation power of 40 nW.
QDs with hydrophilic ligands and hydrophobic ligands were excited with 450 nm pulsed laser
(LDH-P-C-450, Picoquant) with a repetition of 2.5 MHz at an excitation power of 40 nW. QDs
made from the new sulfur precursor with a core radius of 2.4 nm and 1.8 nm were excited with
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450 nm pulsed laser at 40 nW and 80-160 nW, respectively. QDs made from the new shell growth
chemistry with a core radius of 0.8 nm were excited with 405 nm pulsed laser (LDH-P-C-405,
Picoquant) at 170-230 nW. The PL intensity time trace and time-dependent PL decay data were
collected by an avalanche photodiodes (τ-SPAD, Picoquant) with appropriate bandpass filters. The
PL decay was measured by a time-correlated single photon counting module (Picoharp 300,
Picoquant) with a time resolution of 64 ps. The g(2) function of single QDs was collected under the
same conditions with two τ-SPADs arranged in a Hanbury-Brown and Twiss configuration. The
single-QD emission spectra were collected by a spectrograph (Isoplane SCT 320, Princeton
Instruments) equipped with a CCD camera (PIXIS 1024 BR, Princeton Instruments). All
measurements were performed under ambient conditions.
3.4 Results and Discussion
3.4.1 PL Line Width, PL Lifetime, and Single-Dot PL Blinking Properties of the HP and
HBP Core–Shell QDs
The TEM images of HP and HBP core-shell QDs are demonstrated in Fig 3.1 a and b, respectively.

Figure 3. 1 TEM images of HP (a) and HBP (b) CdSe/CdS core/shell QDs
The PL measurements at the single-QD level show that the PL line width of single-HP-QDs
fluctuated around the ensemble PL line width (Figure 3.2 a,b). This suggested the PL line width
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Figure 3. 2 The ensemble and single-QD PL spectra of the HP- (a) and HBP-QDs (b). The
distributions of single-QD PL line width (fwhm) of HP- (c) and HBP-QDs (d). The ensemble PL
line width values are shown as the red lines in parts b and d.
narrowing effect was due to the minimization of inhomogeneous broadening with improved
particle uniformities in size and shape, shell crystallinity, as well as surface passivation. 5 SingleHBP-QD PL measurements revealed nearly overlapped PL profiles (Figure 3.2c) and almost
identical PL line widths for the single-HBP-QD and the ensemble sample (Figure 3.2d). These
results lead to the conclusion that the PL broadening effect during the second-shell-growth step
was solely due to the homogeneous broadening of the average single-QD PL line width rather than
the inhomogeneous broadening caused from losing particle uniformity.5 Given the minimal
excitonic fine structure contribution (<8 meV) to line width changes and negligible spectral
diffusion on submillisecond time scales at room temperature,15,16 this homogeneous broadening
can be attributed to two major factors that are directly related to the thick HBP CdS shell: (1)
enhanced longitudinal optical (LO) phonon coupling with excitons through increased Fröhlich
interactions induced by reduced electron–hole wave function overlap during the CdS shell
formation;17,18 (2) a strong internal electrical field and large dipole moment induced by a
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spontaneous polarization of a WZ crystal structure and the HBP particle shape.19-22 Because of the
lack of direct experimental evidence and characterization tools, other factors that may affect the
single-QD PL line width changes cannot be completely ruled out, such as localized charges,

Figure 3. 3 Single particle PL blinking traces, histogram of PL intensity distributions, “On”
time fraction distribution, and lifetimes of the HP-QDs (a–c) and HBP-QDs (d–f).
surface reconstruction, and the piezoelectric effect on local electrical fields.
To further characterize our HP- and HBP-QDs as single-emitters, we studied single-QD blinking
behavior of both samples. Figure 3.3 shows representative PL blinking traces, histograms of PL
intensity distributions, and the “On” time fraction distribution of the measured HP- and HBP-QDs.
The average “On” time fraction is 80% for HP-QDs and 96% for HBP-QDs. More than 50% of
the HBP-QDs we measured were completely nonblinking (Figure 3.3e). Such high “On” time
fractions for the HBP-QDs can be attributed to the thick and highly crystalline CdS shell and also
in good accordance to previous studies with similar growth conditions for spherical core–shell
QDs.5
In addition to the high “On” fraction, we also measured the PL decay of single HP- and HBP-QDs.
A representative decay profile is shown in Figure 3.3c,f. The PL decays of single HP-QDs can be
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fitted to a single exponential function with an average single-QD lifetime of ∼36.0 ns, which is

Figure 3. 4 Excitation-intensity-dependent PL decay of a single HBP-QD.
consistent with the ensemble measurements (Figure 3.3c). In contrast, the PL decay curve of single
HBP-QDs clearly contains two components and can be well-fitted to a double exponential decay
function (Figure 3.3f). The slow component is attributed to the radiative recombination of single
excitons, which is consistent with the slow PL decay from ensemble PL lifetime measurements
(∼242 ns). The fast decay component has an average lifetime of ∼6 ns, which is ascribed to the
PL decay of biexciton (BX). Since the HBP-QDs have a thick shell and, therefore, high absorption
cross section, there is high probability of generating BX in the QD even under low power excitation
(40 nW).23 Moreover, this fast decay component showed an excitation intensity dependence
(Figure 3.4), further proving its origin is due to BXs.23 This long BX decay lifetime indicates a
strong suppression of the Auger recombination, which has been previously observed in spherical
g-QDs (Figure 3.3d).23, 24 Additionally, this suppression of Auger recombination should result in
a high BX QY of the QDs. Previously, Nair et al. showed that the BX QY of a single-QD can be
determined from the size of the 0-time feature in the second order photon correlation function (g(2))
of the QD.25 The g(2) function of a single-HBP-QD showed a high 0-time feature (Figure 3.5),
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suggesting the HBP-QDs have a high BX QY. A high BX QY has also been observed in
conventional g-QDs.26,23 In all, the thick and high crystalline CdS shell prevents the electron/hole
from reaching to the QD surface, thus limiting their accessibility to the defect- and surface-related
nonradiative pathways in the HBP-QDs. Furthermore, the reduced spatial overlap due to the large
HBP CdS shell formation also results in suppressed nonradiative Auger recombination.27 Both

Figure 3. 5 Representative g(2) data for a HBP-QD. The high background is due to the high laser
repetition. As a result, the QD got excited again prior to complete relaxation of the exciton
factors contribute to the observed high QY and long lifetime of BXs in this HBP-QDs.
3.4.2 Single-particle PL Blinking Properties of Core-shell QDs with Hydrophobic and
Hydrophilic Ligands
The information of the hydrophobic and hydrophilic ligands on the surface of QDs can be found
in Scheme 3.1. The hydrophobic QDs are capped with oleic acid while the hydrophilic ligands are
DBCO functionalized poly(PEG)-PILs. Fig. 3.6A illustrates a representative blinking trace of to
CdSe/CdS QDs with hydrophobic ligands, which is dominant by the on-state events with a photon
counts around 14000 cps. As shown in Fig. 3.6B, CdSe/CdS core/shell QDs have very high on
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Scheme 3. 1 Schematic illustration of QDs with hydrophobic and hydrophilic ligands.
time fraction with an average of 90.1%. 67.3% of the measured QDs have an “on” fraction higher
than 90% and 94.6 % of the QDs have an “on” fraction over 80%. The blinking trace data
demonstrates the suppressed blinking property of CdSe/CdS QDs, consistent with that reported by
Ou Chen et. al.5 However, there are more off events observed for single QDs capped with

Figure 3. 6 Representative blinking trace (A) and on-time fraction distribution (B) of QDs with
Hydrophobic ligands.
hydrophilic ligand on average; in contrast, their quantum yield only decreased slightly after the
ligand exchange reaction. As shown in Fig 3.7, the average on time fraction of QDs dropped to
63.4% with a very broad distribution of on time fraction (10% to 90%) after exchanging to
poly(PEG)-polymeric imidazole ligands. We attribute the increase of the number and duration of
“off” events after ligand exchange to more surface defects created during the ligand exchange
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reaction due to the ligands pulling off and attachment. Surface defects will open up more nonradiative decay channels. Furthermore, the defects can result in more photocharging events and

Figure 3. 7 Representative blinking trace (A) and on-time fraction distribution (B) of QDs with
hydrophilic ligands.
subsequently lead to more non-radiative Auger recombination, which contributes to the blinking
behavior.28
3.4.3 Single-particle PL Blinking Properties of Core-shell QDs with New Synthetic
Chemistry
Here we developed a new CdS shell growth chemistry with a new sulfur precursor containing
boron-thiol. Compared with octanethiol, this new precursor requires a lower reaction temperature,
lower than 200 °C. A series of core/shell QDs with 7 monolayers of CdS shell (a shell thickness
of 2.3 nm) were prepared with the new shell growth chemistry but with different CdSe core radius

Scheme 3. 2 Scheme of the core-shell structures of QD628, QD599, and QD543.
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Figure 3. 8 Representative blinking trace (A) and on-time fraction distribution (B) of QD628.
(2.4 nm, 1.8 nm, and 0.8 nm). We use QD628, QD599, and QD543 to refer to these three samples
with decreasing core size, as shown in Scheme 3.2. Figure 3.7A shows a representative blinking
trace of a single QD628, which demonstrates a clear on-off binary switching behavior. The ontime fraction of measured dots had in a broad distribution from 40% to 100% with an average of
81.5%. Over 85% of dots showed an on-time fraction over 70%. Compared with the blinking trace
of QDs (Figure 3.5) with similar core size and shell thickness but synthesized following a
previously reported method using octanethiol as the sulfur precursor at 310 °C, the QD628 sample
demonstrates more off-state events and lower photon counts. This phenomenon can be attributed
to the crystalline defects of CdS shell with the new chemistry due to the lower reaction temperature,
which leads to more nonrandiative channels, higher probability of photocharging, and Auger
recombination as discussed above. Unintentionally alloyed core-shell interface due to high
reaction temperature of shell growth using octanethiol cannot be totally excluded while the
characterization of alloying of a few monolayers at core-shell interface is very much limited with
current instrumentation. Alloy could lead to smoothened potential surface at the core/shell
interface and thus reduce blinking.10,11
The representative blinking trace of QD599 (Figure 3.9A) with a core radius of 1.8 nm exhibits
more on-off switching, more off-state events, and longer off state duration, compared with that of
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QD628. The blinking trace in Figure 3.9A also shows a short duration time of the on states and a
broad distribution of photon counts of the on states. The on-time fraction of measured dots
distributed in a broad range from 10% to 100% with an average value of 61.7% as shown in Figure

Figure 3. 9 Representative blinking trace (A) and on-time fraction distribution (B) of QD599.
3.9B. For QD543 of a smaller core radius (0.8 nm), similar blinking behavior was observed but
with more off events (Figure 3.10A) compared with that of QD599. The on-time fraction was
distributed from 0% to 60% with most of QDs having an on-time fraction lower than 40%. The
average on-time fraction decreased to 22.3% (Figure 3.10B).

Scheme 3. 3 The scheme of electron and hole wavefunctions in CdSe/CdS core/shell QDs with
different core size
For the QDs prepared with the new shell growth chemistry, the on-time fraction decreased with
the size of CdSe core, which is consistent with the core size effect and volume effect on nonblinking fraction reported by Hollingsworth’s group, while the volumes of QD628, QD599 and
QD543 are all smaller than the reported non-blinking onset threshold of ~ 750 nm3.29,30 Since the
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QD samples here have the same shell thickness (7 monolayers of CdS) and were made from the
same shell growth method, we assume that the surfaces of CdS shell of these three samples are
similar and have similar impact on the optical properties of the QDs. With the above assumption,
our results can be probably attributed to the size-dependent photoionization. The hole
wavefunction in CdSe/CdS QD is mainly confined within the CdSe core, while the wavefunction
of electron is less confined and electrons are distributed across the whole particle. As shown in
Scheme 3.3, compared with QDs with smaller core, the hole wavefunction of CdSe/CdS QDs with
larger CdSe core is less confined, so the hole and electron wavefunctions are more overlapped.
Nesbitt et al. reported that the photoionization probability of a QD (or the probably of a charge to
−3.5 31
reside in the shell) scaled with the core radius 𝑟𝑐𝑜𝑟𝑒
. Thus, QD543 is easier to be photonionized

and more trion states could be produced. Both photocharging and Auger recombination of trions
are responsible for the off events, so QDs with smaller core are observed with more on-off
switching events and lower on time fraction.

Figure 3. 10 Representative blinking trace (A) and on-time fraction distribution (B) of QD543.
3.5 Conclusion
In summary, we studied the single-particle optical properties of various CdSe/CdS core/shell QDs
with different morphology, capping ligand, and shell growth chemistry. HP and HBP core–shell
hetero-QDs exhibit superior optical properties. Especially, the “giant” HBP-QDs show high PL
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QYs, minimal inhomogeneous PL line width broadening, significantly suppressed single-QD
blinking, and prolonged single-QD PL lifetimes as compared to spherical QDs with the same core
and shell volumes. After exchanging to hydrophilic poly(PEG)-PILs, the blinking became more
remarkable with a drop of on time fraction due to the worse surface passivation after ligand
exchange reaction. The QDs made from the new sulfur precursor were observed with more offstate events probably due to the the crystalline defects of CdS shell grown at a lower reaction
temperature, compared with QDs with highly crystalline shell prepared at a higher temperature.
Additionally, the on-time fraction decreased with the size of CdSe core, which can be explained
by the higher photoionization probability in core/shell QDs with smaller cores due to the less
overlapping of hole and electron wavefunctions in core/shell QDs with smaller cores.
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Chapter 4: The Interaction of Mercury and Methylmercury with
Chalcogenide Nanoparticles
Reprinted and modified with permission from: X. Wang, E. Seelen, N.M. Mazrui, P. Kerns, S.L.
Suib, J. Zhao, R.P. Mason Y. Wang; P. Kerns; S.L. Suib, S, J. Zhao, Environ. Pollut., 2019, 155,
113346. Copyright 2019 Elsvier Ltd.
4.1 Abstract
Mercury (Hg) and methylmercury (CH3Hg) bind strongly to micro and nano (NP) particles and
this partitioning impacts their fate and bioaccumulation into food webs, and, as a result, potential
human exposure. This partitioning has been shown to influence the bioavailability of inorganic Hg
to methylating bacteria, with NP-bound Hg being more bioavailable than inorganic HgS, or
organic particulate-bound Hg. In this study we set out to investigate whether the potential
interactions between dissolved ionic Hg (HgII) and CH3Hg and NPs was due to incorporation of
Hg into the core of the cadmium selenide and sulfide (CdSe; CdS) nanoparticles (metal exchange
or surface precipitation), or due purely to surface interactions. The interaction was assessed based
on the quenching of the fluorescence intensity and lifetime observed during HgII or CH3Hg titration
experiments of these NP solutions. Additional analysis using inductively coupled plasma mass
spectrometry of CdSe NPs and the separated solution, obtained after HgII additions, showed that
there was no metal exchange, and X-ray photoelectron spectroscopy confirmed this and further
indicated that the Hg was bound to cysteine, the NP capping agent. Our study suggests that Hg and
CH3Hg adsorbed to the surfaces of NPs would have different bioavailability for release into water
or to (de)methylating organisms or for bioaccumulation, and provides insights into the behavior of
Hg in the environment in the presence of natural or manufactured NPs.
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4.2 Introduction
Mercury (Hg) pollution is a global environmental problem with elevated levels of Hg being found
in many aquatic systems due to the enhanced inputs of Hg from local and global anthropogenic
sources1,2. Increased Hg inputs into the environment are a human health issue due to its conversion
into methylmercury (CH3Hg) in aquatic systems. CH3Hg is considered the most toxic form of Hg
as it is bioaccumulated more readily than inorganic Hg and biomagnified in local aquatic food
webs, impacting human health through fish and seafood consumption3,4. As CH3Hg exposure
results in negative effects to the human brain, growing fetal cells, kidney and neurological systems,
the developing fetus and young children are the most susceptible to health impacts imparted from
CH3Hg exposure. Additionally, communities with high seafood consumption and/or living in
contaminated areas may also be susceptible to health effects from long-term or high dose CH3Hg
exposure5.
In aquatic environments, inorganic Hg can be converted to CH3Hg and even dimethylmercury
((CH3)2Hg), mostly via microbial pathways6,7,8,9. Most methylating bacteria are anaerobic (e.g.
sulfate-reducing and iron-reducing bacteria) and methylation rates have been shown to be the
greatest at redox transition zones, hence sediments and flocculated organic matter are often
focused on as sites for methylation7,9,10,11. The rate of mercury methylation is a function of the
speciation and bioavailability of the inorganic Hg to the methylating organisms responsible for
this conversion6. For example, binding of inorganic Hg (HgII) to dissolved/particulate natural
organic matter (NOM) can make Hg more or less bioavailable for methylation depending on the
source and concentration of NOM, and the type of interaction, as well as other redox conditions of
the methylating environment as Hg binds strongly with sulfide12,13,14,15. While Hg can be
precipitated as micro and nano HgS particles in highly sulfidic environments, Hg and CH3Hg can
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also bind strongly to inorganic micro and nano particles (NPs), such as metal sulfides and selenides,
due to their abundant binding sites resulting from their high relative surface area15,16,14,17. The
binding of inorganic Hg to micro and NPs have been shown to directly influence the degree of Hg
methylation13,15,18,16,19,20. Overall, micro HgS is less bioavailable to methylating organisms than
HgII that is either inorganically complexed, present as HgS NPs, or bound to dissolved (DOC) or
particulate (POC) natural organic carbon in the water column. The reason for the higher
bioavailability of HgS NPs is a focus of current research21,17.
Most studies22,14,23,24,25,18,16,21 have focused on HgS NPs and their bioavailability, but there is the
potential for dissolved HgII and CH3Hg ions and complexes to interact with other micro or NPs in
the environment, both natural and manufactured, particularly those composed of heavy metals (e.g.
Zn, Cd, Pb) and Group 16 metalloids (S, Se and Te)26. Rivera et al.17 showed that the type of
interaction between Hg and FeS particles – adsorption or co-precipitation – influenced the
solubilization of the Hg from the particles. Additionally, however, they found that the degree of
solubilization was not a good predictor of methylation likely because of the unique environment
that develops when methylating bacteria are closely associated with the particulate surface. These
studies were done in the absence of organic matter which obviously influences the surface
interaction. It has not been adequately demonstrated for nanoparticles capped with an organic
ligand whether the adsorbed Hg would remain as a surface complex, or whether the Hg could
replace the core metal, and what is the influence of the capping agent on this interaction. An
exchange reaction leading to Hg co-precipitation would be thermodynamically favorable given the
resultant formation of Hg-S or Hg-Se bonds, depending on the nature of the NP (log Ksp values
for the reaction: MX(s) = M2+ + HX- are: for HgS -39.5; CdS -14.3; HgSe -45.5; CdSe -19.8).
Jeong et al.27,28 showed that adsorption of HgII to uncoated FeS NPs occurred at low Hg/Fe ratios
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(<0.05) and that precipitation of Hg as HgS occurred only at higher ratios. Rivera et al. 17 found
that the rate of methylation depended on the degree of Hg-S coordination in the particle matrix.
For CH3Hg, the interaction with micro sulfide phases resulted in chemical transformation29 with
the CH3Hg being converted to (CH3)2Hg in the presence of either FeS, CdS and HgS, and a similar
reaction pathway has been proposed by others, where a complex of the form (CH3Hg)2S degrades
releasing (CH3)2Hg30. The results of Jonsson et al. indicated that the interaction was a surface
reaction. Additionally, the formation of (CH3)2Hg has also been shown to occur in the presence of
thiols and Se-containing organic compounds29,31,32. It is not known whether such methyl transfer
reactions would occur in the presence of NPs of the same core composition.
When HgS co-precipitation occurs in the experiments discussed above, a metal exchange reaction
occurs and this has been shown to also happen during the manufacture of quantum dots containing
more than one metal33,34. In these exchange reactions, the concentrations of both metals are high,
and the Cd/Hg ratio ranges from 0.1 to 1, or greater in these mixed CdHgSe and CdHgTe quantum
dots. These ratios are consistent with, but at higher ratios than, the results discussed above, likely
because of the presence of capping agents in the manufacture of these NPs. The potential for this
to occur under environmental conditions has not been adequately studied.
Also, as discussed above, the form of interaction – surface adsorption/complexation versus coprecipitation – would, because of differences in the binding strength of these associations,
dramatically influence the bioavailability of any Hg or CH3Hg associated with chalcophile
surfaces to the water column and methylating organisms35,36,17. Surface complexation of Hg could
explain why HgS NPs stimulate more Hg methylation than the micro HgS particles15, although
most of the studies examining Hg methylation in the presence of nanoparticles suggest a complex
interaction between the methylating bacteria and the surface of the NPs21,17.
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Additionally, in natural environments, uncoated particles are unlikely as they would rapidly
become coated with NOM, so more studies examining the interactions of HgII and CH3Hg with
organically-coated particles are needed. Studies have suggested that the unsaturated surface atoms
and various functional groups associated with the capping ligands of NPs can influence their
reactivity and complexation with metals in solution18,26,23. With the increasing production and
application of nanomaterials, and their presence in the environment naturally, the study of
interactions between HgII and CH3Hg with coated NPs allow us understand the role of NPs in
CH3Hg transformation and HgII methylation in the environment, and to understand how to better
control the impact of Hg pollution in the future.
Our study therefore focused on how HgII and CH3Hg species interact with NPs, to inform our
understanding of their bioavailability in aquatic systems. We used aqueous CdSe and CdS NPs
capped with L-cysteine as model systems, as this allowed an evaluation of whether there is a metal
exchange reaction occurring between the Hg species in solution and the NP core metal, at the
relative concentrations used here (Hg:Cd <0.05). Given that the core metal did not influence the
interactions of CH3Hg with micro metal sulfide particles29, we inferred that the same would be
true for NPs and that our studies would be applicable to other metal-sulfide/selenide NPs as well,
although the thermodynamics of the interaction would favor a metal exchange reaction for Hg if
Cd is the core metal. We hypothesized that the interaction of HgII and CH3Hg in our experiments
would be influenced by both the particle size and type of interaction occurring within or on the
surface of the NP. The interaction could differ depending on the type and formulation of the NP.
To address this specifically, we examined whether the interaction of Hg and CH3Hg with the NPs
was due to incorporation into the NP core (metal exchange or co-precipitation), or purely due to
surface interactions. Briefly, inorganic Hg and CH3Hg were added to CdS and CdSe NP solutions,
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and the interaction was assessed based on a decrease in fluorescence intensity and its lifetime
observed during the Hg/CH3Hg titration experiments due to fluorescence quenching. Additionally,
inductively coupled plasma mass spectrometry (ICP-MS) and X-ray photoelectron spectroscopy
(XPS) were used to further examine how the metal ions partitioned after the reaction was
completed. Our results suggested that no HgS precipitation or metal exchange reaction occurred,
except at very high Hg to Cd ratios where HgS or HgSe precipitated, consistent with the results of
others33,28,21 and that the Hg/CH3Hg was bound to the amine and carboxylate groups of the Lcysteine capping agent on the NP surface.
The overall results were that dissolved HgII and CH3Hg interacted with the organic matter surface
moieties of the NP rather than with the NP core. Therefore, the bioavailability of HgII associated
with NPs, when the ratio of Hg to the core metal is low, is likely more strongly dictated by the NP
surface binding ligands than the composition of the metal core itself. Furthermore, such
interactions would suggest that the reactions leading to the formation of (CH3)2Hg on the surface
of micro sulfide particles examined by Jonsson et al.29 are not likely to occur with organic matter
coated micro particles or NPs. These results inform our understanding of the biogeochemical
cycling of Hg and CH3Hg in the natural environment given that uncoated metal sulfide/selenide
particles are unlikely, and that coated NPs would behave differently during interactions with
dissolved cations.
4.3 Experimental
4.3.1 Materials
Cadmium chloride (Technical grade), sodium sulfite (≥98%), selenium powder (99.99%), sodium
hydroxide (≥97.0%), L-cysteine hydrochloride monohydrate (≥99.0%) and mercury (II) chloride
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(≥98%) were all purchased from Sigma-Aldrich. Ethanol (200 proof) was purchased from J. T.
Baker. Methylmercury standard (1000 ppm in HCl) was purchased from Alfa Aesar. All chemicals
were used as received.
4.3.2 The Synthesis and Purification of Aqueous CdSe Nanoparticles
To prepare the reaction precursor (Na2SSeO3), 37 mg of selenium (Se) powder, 605 mg of sodium
sulfite (Na2SO3) and 25 mL of water were mixed in a flask. The mixture was kept at 85 ℃ with
stirring and nitrogen (N2) protection overnight until a colorless transparent solution was obtained.
For the CdSe NP formation, under a nitrogen atmosphere, 20.0 mL of deionized water, 0.783 mL
of sodium hydroxide (NaOH) solution (1M), 0.058g of L-cysteine hydrochloride monohydrate,
0.25 mL of 0.15 M cadmium chloride (CdCl2) were added into a glass flask within 10 min with
stirring. After 10 min, 5.0 mL of Na2SSeO3 precursor was added into the reaction mixture which
was kept stirring mildly for 1.5-2 h while sparging with N2. The reaction solution gradually
changed from colorless to yellow.
For purification of the NPs, the CdSe solution was mixed with ethanol with the volume ratio (CdSe
solution: ethanol) of 3:1 and centrifuged at 7000 rpm for 10 min. The supernatant was discarded
and then 9 mL of DI water was added to redisperse the precipitate. The redispersed CdSe
nanoparticle solution was then sonicated for at least 1 min to ensure dispersion of NPs prior to the
HgII/CH3Hg additions.
4.3.3 Nanoparticle Characterization
The synthesis of the CdS nanoparticles is detailed in previous report37. Based on our analysis of
the NPs by ICP-MS, detailed below, the average amount of Cd in the NPs was 3.3 µmoles. The
release of Cd from the CdSe NPs into solution after their centrifugation and resuspension into
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water was also characterized by ICP-MS. Overall, less than 1% of the Cd was found in solution
and the concentration was independent of the addition of Hg to the NP solutions (Table 4.1). The
size of the CdSe NPs was determined using a transmission electron microscope (Fig. 4.1B). For
characterization, UV-Vis spectra were measured either with a Cary 60 (Agilent Technologies) or
Hitachi U3010 UV-Vis spectrometer (Fig. 4.1A).
The relative ratio of Hg to Cd used in the titration experiments (<0.05) was chosen to simulate the
level of interaction likely under environmental conditions where the ratio of dissolved and
particulate species is small (partition coefficients for Hg are ~105 - 106 L/kg)38. Additionally, given
the NP size, a relative small fraction of the core metal ions would be associated with the NP surface
so the low ratio predominantly probed these surface interactions. Photoluminescence spectra were
taken on a Horiba Fluomax Plus fluorometer with the excitation at 400 nm for the CdSe NP
titrations with HgII and with a Cary Eclipse Agilent instrument for those with CH3Hg. A Hitachi
F2000 instrument was used to examine the interactions of CdS NPs and HgII, with excitation of
350 nm.
The time-dependent fluorescence decays were acquired with a home-built set-up. A pulsed laser
at 405 nm (PicoQuant, ∼100−120 ps pulse duration, 2.5 MHz repetition rate) was used to excite
samples with different concentration of mercury ions added. The photoluminescence signal of the
solutions was acquired through a 20× air objective (Nikon, N.A. = 0.45) and sent to a single-photon
detector (τSPAD, PicoQuant) after signal cutoff by an appropriate spectral filter. The
photoluminescence decay data were collected using a time-correlated single-photon counting
(TCSPC) module (PicoHarp 300, PicoQuant) with a time resolution of 32 ps. All the optical
spectroscopy experiments were performed under ambient conditions.
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4.3.4 ICP-MS
To obtain both the dissolved and particulate phases following the addition of Hg2+ to CdSe NP
solutions, the NPs in the solutions were separated from the supernatant by adding 1 M CaCl2
solution and then centrifuging to enhance the precipitation of the NPs39. The separated NPs,
dissolved in 10% nitric acid and the acidified supernatant were analyzed for Hg and Cd using ICPMS to determine whether the metals were associated with the NPs , and to ascertain if there had
been any exchange between Hg and Cd within the NPs. To determine the extent that the added
CaCl2 would cause removal of Hg from solution, it was also added to a stock Hg solution as a
control. Less than 3% of the Hg was removed from the solution by the precipitation of the CaCl 2
(Table 3.1), in comparison to the removal of essentially all the Hg in the solutions containing CdSe
NPs. As both the precipitated NPs and the remaining solution were analyzed in most cases, the
added Hg and the total Cd were accounted for. For Cd, there was some variability in the total Cd
concentration between solutions from the different experiments (Table 3.1), which reflects the
variation in the amount of Cd recovered during the centrifugation and resuspension step prior to
the Hg addition, as discussed above. The concentrations of Hg in the solutions were also checked
through analysis using a Nippon Direct Mercury Analyzer.
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Table 4. 1 Relative amounts of cadmium and mercury in the supernatant solution and in the “pellet”
after centrifugation of the CdSe plus mercury nanoparticulate solutions. Calcium chloride was
added to enhance precipitation of the nanoparticles during centrifugation. See Methods for details
of the experiment.
Sample

Hg in

Hg in

% Hg in

Cd in

Cd in

% Cd in

Particles

Solution

Particles.

Particles

Solution Particles

(µM)

(µM)

(µM)

(µM)

no added Hg

DL

1.7 x 10-4

-

2019

21

99.4

Spike #1

DL

4.8 x 10-4

-

806

14

98.3

Spike #2

0.019

9.3 x 10-4

95.3

868

9

99.0

Spike #3

0.11

1.5 x 10-3

98.6

1003

11

98.9

Spike #4

0.20

3.7 x 10-4

99.8

923

11

98.9

Spike #5

35.1

0.24

99.3

590

*

-

10 µM Hg stock

0.21

9.21

2.3

DL

*

-

Notes: DL = detection limit; * = supernatant or precipitation samples were not run
4.3.5 X-Ray Photoelectron Spectroscopy
Samples of NPs, with or without moderate levels of Hg added, were mixed with ethanol and
separated using high speed centrifugation as described above without the addition of any other
chemicals to the medium for X-ray photoelectron spectroscopy (XPS) characterization. The
samples were dropped onto silicon wafer, dried and then pressed onto double sided carbon tape,
mounted on an Al coupon pinned to a sample stage with a washer and screw then placed in the
analysis chamber. The analysis of these CdSe-Hg NPs was done on a PHI model Quantum 2000
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spectrometer with a scanning ESCA multiprobe (F Physical Electronics Industries Inc.), using Al
Kα radiation (λ=1486.6 eV) as the radiation source. The spectra were recorded in the fixed analyzer
transmission mode with pass energies of 187.85 eV and 29.35 eV for recording survey and high
resolution spectra, respectively. Binding energies (BE) were measured for C 1s, N 1s, O 1s, Se 3d
and Cd 3d. The XPS spectra obtained were analyzed and fitted using CasaXPS software (version
2.3.16). Sample charging effects were eliminated by correcting the observed spectra with the C 1s
BE value of 284.8 eV.
4.4 Results and Discussion
4.4.1 Nanoparticle Synthesis and Characterization
The synthesis of aqueous CdSe NPs was based from a reported method40 in which L-cysteine was
used as the capping ligand due to the strong binding between the thiol group and surface Cd atoms
of the CdSe NPs. To shorten the reaction time, the molar ratio of Na2SO3 to Se (10:1) in the
preparation of Na2SSeO3 was increased relative to that (3:1) in the reference. The excess Na2SO3
served as a mild reducing agent to complete the growth of CdSe NPs within a few hours instead
of several days. A basic pH of the reaction solution is desired so that the carboxylic group of Lcysteine are deprotonated, and therefore negatively charged as the electrostatic repulsion is crucial
to keep the aqueous CdSe NPs stable and of small diameter. Meanwhile, Cd(OH)2 and other
cadmium hydroxide complexes would form with a pH value beyond 12.5, which would interfere
with the growth of Cd based nanocrystals41. The optimal pH for the growth of CdSe NPs in our
case was around 10.9. As shown in Figure 4.1, the narrow and intense first extinction peak at 420
nm appeared at the end of the reaction with freshly made Se precursor at pH 10.87. The diameter
of CdSe under the optimal condition was estimated to be ~1.7 nm using an empirical size fitting
function reported by Yu et al.42. In the reactions with higher pH or aged Se precursor, peak
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broadening and red-shift were observed, indicating a larger size dispersity of the CdSe NPs. The
size of the CdSe NPs was also determined using TEM (Fig. 4.1B) and a size of 1.9 ± 0.3 nm was
determined.

Figure 4. 1(A)UV-Vis spectra of CdSe nanoparticles prepared with different pH and
aging of Se precursor; (B) TEM image of CdSe nanoparticles.
The CdS NPs were made using the approach developed by Mazrui et al.15 for the manufacture of
HgS NPs. Their UV-vis spectrum has a peak at 372 nm (Fig. 4.2) and the particle size was
calculated as 3.5 nm using the effective mass approximation theory. From TEM images (Fig. 4.3),
a diameter of 3.0 ± 0.4 nm was estimated which matches the calculation based on the UV-vis peak.

Figure 4. 2 the UV-Vis spectrum of the CdS nanoparticles.
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Figure 4. 3 the TEM image of the CdS nanoparticles.
4.4.2 Interaction of mercury with the nanoparticles examined by spectroscopy
Heavy metal ions are good photoluminescence quenchers. There are mainly two models
responsible for the quenching of fluorescence43. In the dynamic quenching model, the decrease in
fluorescence is caused by collision of a free quencher with a fluorophore. In this process, energy
transfer or electron transfer occurs from the excited state of the fluorophore to the quencher. With
a pure dynamic quenching process, the quenching should follow the Stern-Volmer equation shown
in equation 1. Here I0 and I are the fluorescence intensities with and without addition of the
quencher (HgII of CH3Hg), respectively; kq represents the quenching rate constant (M-1s-1); τ0 is
the lifetime of the excited state of the fluorophore in the absence of the quencher (s); and [Q] is
the quencher concentration. According to this relationship, I0/I vs. [Q] should follow a linear
relationship:
𝐼0
= 1 + 𝑘𝑞 𝜏0 [𝑄]
𝐼
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4.1

On the other hand, if the interaction involves a static quenching process, the quencher and the
fluorophore form a ground state complex which is hard to break and excite. In this case, a drop of
fluorescence intensity will also be observed with the addition of quencher due to fewer excitable
ground state fluorophores, but for a different reason. Similar to dynamic quenching, a plot of I0/I
vs. [Q] also has a linear relationship, where the slope is Ka, the association constant of the
fluorophore-quencher complex (equation 3.2)43:
𝐼0
= 1 + 𝐾𝑎 [𝑄]
𝐼

4.2

The study of the fluorescence quenching process of CdSe and CdS due to the addition of HgII or
CH3Hg can therefore provide insight into the interaction between the ions and the NPs. Here, we
measured both steady state spectra and fluorescence decays of fixed amounts of CdSe NP solutions
with gradual addition of HgII or CH3Hg. Similar studies were previously done with CdS NPs (Fig.
4.4A & 4.4B)37 although the extent of the Hg addition was smaller. As shown in Fig. 4.5A (top
black curve) and Fig. 4.4A, the photoluminescence spectra of CdSe and CdS NPs was very broad,
with a peak maximum at 560 nm and 540 nm, respectively.
The broad and long-wavelength features of the PL spectrum indicate that the emission came from
surface trap states instead of band-gap radiative recombination of excitons44. When HgCl2 spikes
were added to purified L-cysteine capped CdSe and CdS NP solutions, the fluorescence peak
intensity dropped without shifting the peak position (Fig. 4.5A and 4.4A). The Stern-Volmer plot
for the Hg-CdSe studies showed a nonlinear curve in Fig. 4.5B, indicating a mixed quenching
mechanism. For the lower level HgII additions to the CdS NP solution, the curve is linear (Fig.
4.4B), similar to the initial curve for the CdSe study (Fig. 4.5B).
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Figure 4. 4 (A) the PL spectra of the CdS nanoparticle solution with different concentrations of

HgCl2 added; (B) the Stern-Volmer fitting of the data in the spectra; and (C) the decay plots for
the Hg-CdS nanoparticles studies.
The relationships found suggest that HgII can quench both the excited state and ground state of
CdSe NPs in our experiment. The observation is different from the quenching process reported in
the literature45,46,47. Previous studies have mostly reported static quenching of the fluorescence of
aqueous quantum dots by metal ions. The relationship between I0/I and [Q] appears relatively
linear at low HgII concentrations, and suggests that there may be dominantly static quenching in
these cases. In contrast, the mechanism is different at higher concentrations with more dynamic
quenching occurring. For the low HgII additions with the CdSe NPs (Fig. 4.5B), a slope of
0.147 μM-1 (r2 = 0.995) was determined (Ka = 1.47 x 105 M-1). However, this value may be
inaccurate due to there being two processes occurring. If both quenching processes are occurring,
then the overall relationship is given by Fraiji et al.43:
I0
I

= (1 + k q τ0 [Q])( 1+ Ka[Q]) = 1+ (KD + Ka)[Q] + KDKa [Q]2

3.3

where KD = k q τ0 . By diving eq. 3.3 through by [Q], a linear relationship is found:
I

( I0 − 1)/[Q] = K D K a [Q] + (K D + K a )

3.4
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with a slope of K D K a and an intercept of (KD + Ka). From a plot of all the data, which exhibited
higher variability given the associated errors in all the calculated values, the following values were
determined: Ka =1.52 × 106 M-1 and KD = 0.0163 μM-1. The initial lifetime without Hg addition,
τ0, is 6.3 ns, estimated by a stretched exponential fitting since the decay was not a simple monoexponential decay. Thus kq=KD/τ0 = 2.60 × 1012 M-1s-1. The estimated value for Ka with this
linearization of the data is an order of magnitude higher than the previous estimate based on the
initial curve assuming a sole static quenching mechanism, and likely more closely represents the
true value.

Figure 4. 5 (A) PL spectra of CdSe nanoparticle solution with different concentration of
HgCl2; (B) the Stern-Volmer fitting of the data in the spectra. The concentrations of Hg
added ranged from 5 nM to 70 µM and were added to separate CdSe solutions prior to
their analysis by fluorescence.
Similarly, the study with CdS NPs and HgII (Fig. 4.4A) also showed a linear relationship for the
low concentrations tested (Fig. 4.4B) and the initial slope of the relationship is similar to that for
the low concentration additions for the CdSe NPs: slope = 2.7 × 105 M-1. The similarity in the
values estimated in this manner suggests that these constants reflect an interaction that is not
primarily due to the NP core but to the surface properties, which is consistent with the notion of a
static quenching effect, and an interaction of HgII with the capping agent, which is the same for
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Figure 4. 6 (A) PL decay of CdSe nanoparticle solution with different concentrations of
HgCl2; (B) the Stern-Volmer fitting of the data in the PL decay for the CdSe nanoparticles.
The samples run were a subset of those analyzed by fluorescence and at the higher
concentration range.
both NPs. For the CdS NP experiments there were insufficient measurements to deconvolute the
signal further. Overall, at low concentration, static quenching is the main mechanism occurring
but that at higher concentrations both forms of quenching mechanisms are important.
To confirm whether dynamic quenching was involved, time-dependent fluorescence decay
experiments were performed on the CdSe NPs with HgII addition (Fig. 4.6A and B). In the static
quenching process, the formation of a fluorophore-quencher complex will not affect the
recombination dynamics of excitons, thus the fluorescence lifetime will be independent of the
quencher. However, in the dynamic quenching model, the presence of the quencher will provide
additional non-radiative recombination channels of the excited fluorophore, resulting in a shorter
lifetime. Figure 4.6A clearly showed that the fluorescence decay rate was higher with the
increasing concentrations of the added HgII, and that there was less of an effect at low
concentrations compared to higher concentrations. These results suggest that static quenching is
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dominating at the lower Hg addition concentrations due to a much larger Ka value compared to
KD, but also that there is dynamic quenching occurring for all added Hg concentrations.

Figure 4. 7 (A) PL spectra of CdSe nanoparticle solution with different concentration of
CH3HgCl; (B) the Stern-Volmer fitting of the data in the spectra. The concentrations of
CH3Hg added ranged from 250 nM to 20 µM and were added to separate CdSe solutions

prior to their analysis by fluorescence.
In Figure 4.6B, the Stern-Volmer fitting with τ0/τ vs. the concentration of quencher gave a nonlinear curve. The non-zero slope of the Stern-Volmer plot confirmed that there was a dynamic
quenching process involved in the quenching of CdSe NPs by HgII. Similar studies of the
fluorescence decay with the CdS NPs showed a similar small effect on the lifetime of the decay
given the low concentrations of the HgII additions (Fig. 4.4C)37. These results further confirm that
the interactions are similar for Hg in the presence of either the CdSe or the CdS NPs, suggesting
the mechanism is not related to the core of the NP but is an interaction with the surface capping
agent. Further experiments were also conducted using the CdSe NPs with the addition of CH3Hg
(Fig. 4.7A and B). Quenching was again observed, with a pattern similar to that obtained with
addition of HgII (Fig. 4.5A and B). Again, at low concentrations of added CH3Hg, the relationship
was linear with a slope of 0.152 μM-1 (r2 = 0.991), lower than found for the HgII additions. Using
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equation 4, the following results were obtained for the constants: Ka = 7 × 104 M-1 and KD = 5.6 ×
104 M-1, or kq = 8.9 × 1012 M-1s-1. The value of Ka is lower for CH3Hg, which could be expected
as this species generally binds less strongly than inorganic Hg (Table 3.2).
Table 4. 2 Formation constants for inorganic mercury and methylmercury for inorganic and
organic ligands for the following reaction: Mn+ + Lm- = LMn-m. Taken from the literatur48-56.
Ligand (L) Logβ

Logβ

Ligand (L)

Logβ

Logβ

Hg2+

CH3Hg+

Hg2+

CH3Hg+

OH-

10.6

9.37

Cysteine

15.3

11.6

Cl-

7.2

5.3

Mercaptoethylene

11.1

16.1

Acetic

3.7

3.2

Mercaptoacetic acid

11.5

16.9

Glycine

10.9

7.9

Thioglycolate

16.7

EDTA

23.5

10.0

Dimethylamine

7.8

NTA

15.9

9.0

Ethylenediamine
Dimethylenediamine

14.3
5.5

The Ka values estimated here are conditional constants and the actual formation constants would
depend on the speciation of HgII and CH3Hg in the medium, and the ligands/sites to which the
cations are binding to in the NP. Overall, the differences in the value of the conditional stability
constants are consistent with their known binding strength, i.e. HgII typically forms somewhat
stronger complexes with ligands than CH3Hg (Table 3.2). Additionally, the similarity in the values
of Ka for the interaction of HgII with the different NPs is consistent with the fact that the interaction
is occurring with the capping agent, which is similar in all experiments. To convert the conditional
stability constants into formation constants would require knowledge not only of the solution
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speciation, but also the concentration of the surface ligands on the NPs, and the surface charge on
the NPs, if the interaction is indeed with the capping agent only. These were not measured in the
current study. However, the estimated Ka values are much lower relative to that of HgII and CH3Hg
binding to sulfide or thiols (logβ1 > 10), that even though the dissolved speciation of Hg and
CH3Hg is not taken into account, one could conclude that the binding in our experiments is not to
reduced sulfur or selenide ligands.
Overall, the mixed quenching mechanism, as demonstrated above, suggests that a specific
interaction between HgII and CH3Hg and the L-cysteine capped CdSe and CdS NPs was
responsible for the formation of ground state CdSe-Hg, CdSe-HgCH3 or CdS-Hg complexes.
There could be two kinds of interactions in the NP-Hg system. Firstly, the Hg ion could bind to
functional groups of the L-cysteine, such as the amine group and the carboxylic acid group, which
is suggested by the results above. The thiol group is likely involved in the interaction with the NP
core – binding to the CdII. Secondly, the Hg could possibly exchange with the Cd atoms in the core
part of CdSe NPs resulting in the formation of CdSe-HgSe NPs, or the sulfide analogs. If the
interaction was the latter case, when HgII was added to CdSe NP solution, the exchange reaction
would result in an increase in CdII in the supernatant after precipitation and separation of the NPs.
This was investigated using ICP-MS.
4.4.3 Examination of mercury and cadmium distribution between the solution and the
nanoparticles
To study further how the Hg ions were interacting with the CdSe NPs, we separated the NPs, and
analyzed each component by ICP-MS to quantify Hg and Cd in both the supernatant and associated
with the precipitated CdSe NPs from the solutions with different concentrations of HgCl2 added.
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The data are presented in Table 3.1. The results strongly suggest that essentially all the Hg was
associated with the NPs (i.e. found in the precipitate) and that the amount of Hg ions added did
not impact the Cd concentration in the NPs or in solution. The measured amount of total Cd in
each vial agrees well with our calculation of the Cd present, based on the NP synthesis. There was
always much more Cd than Hg in the precipitate (Hg:Cd <0.05). The CaCl2 was also added to the
10 µM Hg stock solution and after centrifugation, 97.7% of the Hg was still in solution indicating
that the removal of Hg due to the addition of the CaCl2 was minimal, as expected, and so the
removal in the other solutions was due to the association of Hg with the NPs.
In one case, when a very high concentration of 290 μM Hg was added, a black precipitate, which
was likely HgSe, formed (all the Hg but no Cd was found in the precipitate when analyzed using
ICP-MS), indicating that at sufficient Hg concentration, the Hg does replace the Cd but in forming
micro particles and not nanoparticles. In a separate experiment, a black precipitate of supposedly
HgS also formed when an equivalent amount of Hg2+ to Cd (1.5 mM) was added to a CdS NP
solution.
There are a number of conclusions that can be drawn from the fluorescence and ICP-MS data.
Firstly, HgII and CH3Hg are binding to the NPs and changing their fluorescence, but they are not
exchanging with CdII in the matrix (core) of the NP. Rather, there is either a surface reaction with
the Se/S sites on the surface of the NP, or the Hg is only interacting with the ligand (L-cysteine).
The fluorescence spectra plots suggest the latter is occurring due to no shift of the PL maximum
wavelength during the quenching experiments. Finally, in the case where the black precipitate was
observed, there was no Cd in the precipitate (data not shown in Table 3.1). Therefore, at a high
enough Hg concentration, a cation exchange did occur and essentially the CdSe NPs were
converted into HgSe micro particles and precipitated from solution.
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4.4.4 Characterization of nanoparticle surface interactions
To further explore the potential interactions, XPS was used to identify the interaction between Hg
and the surface of CdSe NPs at moderate Hg concentrations after separation of the NPs by high
speed centrifugation (Fig. 4.8). Potential binding sites of L-cysteine are thiol, amine and carboxylic
groups. Thiol groups would typically be bound to the surface Cd atoms of the CdSe NPs. If Hg
competed with Cd for binding to the thiol, there would be a high percentage of Hg-L-cysteine
complex present in the supernatant. Our data indicated that mostly over 99% of the Hg was
associated with the CdSe NPs, which excluded this binding mechanism. Thus, we examined by
XPS whether Hg was binding to the O in the carboxylate group or to the N in the amine group,
and whether there were any interactions with the Se or Cd. The black line in the XPS spectra of
CdSe NPs (Fig. 4.8A) showed that the O 1s spectrum had two peaks at 533.67 eV and 531.51 eV,
representing the different oxidation states of oxygen atoms in the carboxylate group. After the
addition of ~33 μM of HgCl2, the binding energy peaks shifted to a single peak at 532.71eV,

Figure 4. 8 XPS spectra of O 1s (A) and N 1s (B) of CdSe nanoparticles with (red) and
without (black) the addition of HgCl2.
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showing that there were two symmetric oxygen atoms in the carboxylate moiety. This peak change
suggested that Hg is bound to two equivalent oxygen atoms of the carboxylate group via a bidentate
bond54. In addition, the N 1s spectrum peak in Figure 4.8B shifted towards higher binding energy
after the addition of HgCl2, even though the N 1s signal was masked partially by the nearby Cd 3d
5/2 peak. The shift of the N 1s peak resulted from the increase of the oxidation state of the N atom
caused by the addition of Hg. Shifting to a higher binding energy is indicative of electron donation
of N to Hg, indicating the binding between the Hg and the N atom of the amine group.
To investigate whether the Hg was bound to the surface Se atoms, the XPS data of Se 3d and Cd
3d were also collected. There was only a negligible shift of the Se 3d peak caused by Hg (Figure
4.9A), which indicated there was no binding between the surface Se and Hg. Moreover, the XPS
spectra of Cd 3d showed no shift (complete overlap) with and without Hg ion addition (Figure
4.9B). If there was Hg bound to Se atoms on the surface of CdSe NPs, a shift in the binding energy
peaks of Cd 3d should have been observed because of the competitive binding of Hg. The XPS
data of the Se 3d and Cd 3d spectra consistently showed that there was no interaction between Hg

Figure 4. 9 XPS spectra of Se 3d (A) and Cd 3d (B) of CdSe nanoparticles with (red) and
without (black) the addition of Hg (II).
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and Se atoms. Thus, Hg was bound to the oxygen atoms of the carboxylate group and the N atom
of the amine group. This finding is consistent with the observed mixed quenching process. The
formation of the CdSe-Cysteine-Hg complex through Hg-O and Hg-N bonds hindered the
excitation of CdSe resulting in the decrease of the PL intensity55,56. Meanwhile, the binding
between Hg and the capping ligand of CdSe brought Hg close enough to the fluorescent CdSe NPs
allowing an effective electron transfer from the excited state of CdSe to Hg ion, which was also
responsible for the PL quenching, especially at the higher Hg concentrations57,58,59.
4.5 Conclusions and Environmental Implications
The results of this study provide insight into the behavior of Hg in the environment in the presence
of natural or manufactured coated NPs. This is important as the attachment of Hg to particles
directly affects its fate and transport in the environment. If Hg and CH3Hg can be associated with
environmental and manufactured NPs that do not have a Hg core, then there is the likelihood that
the transport of Hg will be enhanced. As Hg binds strongly to particulates in the environment, Hg
is removed from solution with sinking particulate material, being the dominant sink for Hg in many
aquatic systems. Having Hg and CH3Hg bound to NPs could enhance their ability to interact with
organisms and be bioaccumulated, in a similar manner that binding to DOC enhances the water
column concentrations of Hg and CH3Hg14,60. This study also suggests that there needs to be further
consideration of the fact that interactions between metals in solution with the surface of NPs could
change their toxicity, as the CdSe-Hg or CdS-Hg NPs would be much more toxic to organisms
than those without the associated Hg. Thus, in a manner similar to microplastics that are now
ubiquitous in the aquatic environment, and absorb contaminants from solution61,62, association of
heavy metals and other contaminants will alter the toxicity of NPs within the environment. Such
possibilities need further study.
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In particular, the results presented above suggest Hg associated with coated NPs may be more
labile if the association is predominantly with the surface ligands. The association with the NPs
does not allow for a potentially thermodynamically favorable metal exchange reaction to occur
under environmental conditions, even though the following reaction should be highly favorable53,38:
CdS (s) + Hg2+ = HgS (s) + Cd2+

log K = 25.2

3.5

The reaction would be similarly highly favorable for the Se analog reaction (log K ~ 25). These
reactions did not occur in our experiments suggesting that the metal inside the NP core is not
readily available for release. As noted above, however, recent studies examining the methylation
of Hg in the presence of HgS NPs suggests that the factors controlling methylation in the presence
of solids cannot be easily predicted based on solubilization and similar experimental
approaches21,17.
Our results show however that while Hg associated with HgS NPs is within the core of the NP, it
is also possible that it is bound to the surface ligands. This is clearly shown by the XPS data.
Previous studies have mostly characterized the HgS NPs using XAFS and similar approaches24,17,23
and these methods determine the overall average association of the Hg in the NP. As noted above,
the Hg:Cd ratio in our experiments was always <0.05, and so if the metal of the core of our NPs
had been Hg instead of Cd, X-ray-based approaches would likely not have identified correctly that
the surface Hg was bound differently than the Hg in the core as the surface Hg would have been a
few % at most of the total Hg. We suggest that this surface Hg is likely to be less strongly bound
than the Hg within the HgS NP core (bound to inorganic sulfide), or Hg associated with DOC in
solution or with natural POC (Hg likely bound to thiols in both situations). In our experiments with
the Cd-core NPs, the Hg was found to be associated with the carboxylic and amine groups of the
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cysteine, and therefore less strongly bound. Clearly, the strength of the association of Hg with the
capping agent would be dependent on the capping ligand as there could be thiol sites available if
the ligands used had multiple reduced sulfur sites, such as found with natural DOC.
For example, in the experiments of Mazrui et al.15, comparing the methylation rate of sediments
spiked with inorganic Hg (HgCl2), HgS NPs prepared in a similar manner to those discussed here,
and Hg bound to DOC and POC, the HgS NPs resulted in methylation at a similar rate to the
inorganic spike in most of the natural sediments used. Overall, only a few % of the added Hg was
methylated during the incubations period and we suggest that the differences in methylation are
explained by the likely readily available Hg present on the NP surface, and the small size of the
NPs means that there is substantially more surface area available for Hg binding than would be
found with a typical micro particle or POC. Most humic material also likely has a higher surface
area than typical metal sulfide/selenide NPs. Other studies could be interpreted in a similar manner.
Results from experiments with natural sediments are likely different from those obtained with pure
cultures and simpler matrices where the association of the methylating organisms and the NPs are
much stronger, and much more of the inorganic Hg is methylated during the experiment21,23,19.
One further implication of our study is suggested by the fact that exchange did not occur in our
experiments until a very high concentration of Hg had been added to the solution with CdSe NPs.
This suggests that the mobility of the Cd and the exchange reaction is hindered by the stability of
the NP, and that this would also likely be the case for HgS NPs as well. Indeed, Mazrui et al. 39
found that while HgS NPs capped with cysteine or natural DOC were stable for months in the dark
under anoxic conditions, they coagulated more readily under oxic conditions and light. The
changes were mostly a result of coagulation that impacted the apparent size of HgS NPs within
days, depending on the exact nature of the experiment. But the overall specific UV absorbance
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(SUVA) of the DOC did not change suggesting the changes were not due to degradation of the
NPs but mostly due to coagulation. This effect may account for the impact of “ageing” of HgS
NPs18, which decreased the methylation rate in laboratory studies as coagulation increases the
aggregate size. There may also be changes in the speciation of the Hg associated with the capping
agent over time as well24 although this was not examined in this study.
Another aspect of the environmental fate of NPs is related to their reactivity. While many NPs are
much more reactive than their micro counterparts it is likely that the HgS NPs are not as reactive
in terms of CH3Hg transformations as uncoated micro HgS. Jonsson et al.29 found that it was
possible for a reaction to occur on the surface of HgS, as well as FeS and CdS micro particles, that
lead to the conversion of CH3Hg into (CH3)2Hg with the precipitation of HgS. Two CH3Hg
molecules on the solid surface, bound to surface S atoms, were involved in a methyl exchange
reaction, with the driving force being the precipitation of HgS. This reaction can be formulated as:
CH3Hg-S-R-S-HgCH3 = (CH3)2Hg + HgS2-R (s)
and the precipitation of the HgS would make the reaction highly favorable. Given the results
discussed above, this reaction is unlikely to occur in the presence of HgS NPs, or any other sulfide
NPs, prepared in the manner they generally are with a thiol-containing capping agent, and as used
in our experiments. The micro particles used by Jonsson et al.29 were not “capped” with an organic
ligand, so the CH3Hg could bind directly with a sulfide ion on the surface of the particle. Only at
high concentrations of Hg or CH3Hg in solution would the ions penetrate the outer surface and
interact with the core of the NP. In our experiments, this led to precipitation of HgS or HgSe. Such
a result is consistent with other findings that it is possible to form NPs with two metal ions (e.g.
Cd and Hg) through a cation exchange reaction when the ratio of Hg in solution is high relative to
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the amount of Cd in the NP – above 0.1 Hg:Cd, or if the reactions are completed in non-aqueous
media33,34. Furthermore, in the experiments of Skyllberg and Drott63, at lower ratios (0.002-0.012
Hg:Fe) Hg precipitated on the surface of FeS micro particles rather than exchanging with the Fe
or being complexed to the surface sulfides. Such precipitation of HgS likely occurred during the
conversion of CH3Hg to (CH3)2Hg in the experiments of Jonsson et al.29. Similar reactions would
occur on the surface of uncoated metal-sulfide/selenide NPs, which could form at higher
temperature and Hg concentrations, perhaps in hydrothermal vents. These summations need to be
examined further. Additionally, the presence of uncoated NPs in aquatic environments may be
limited given the likelihood that they would readily become coated with natural organic matter.
Overall, our study provides a detailed explanation for the interaction of metal ions with the surface
of natural or manufactured NPs that contain a metal-sulfide/selenide core, and how this affects
their reactivity and fate and transport in the environment. The Hg and CH3Hg adsorbed to such
NPs is not bound in a similar manner to the core metal ions and we suggest these would be readily
bioavailable to (de)methylating organisms or for bioaccumulation into the food chain.
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Chapter 5: Experimental Study of Photoluminescence Response of Carbon
Dots to External Electric Field
5.1 Abstract
Carbon dots are fluorescent carbon nanoparticles with great potential in bioimaging due to the
multiple imaging windows resulting from the excitation dependent emission features. Although a
recent theoretical paper discussed the polarization and stark effect of graphene quantum dots, no
experimental work has been reported on the optical responses of carbon dots to external electric
field. This work demonstrates the first experimental study of stark effect of fluorescent carbon dots
synthesized from soft-template method. After encapsulated in artificial lipid bilayers, the carbon
dots showed voltage sensitivity comparable with commercial membrane potential sensing dyes.
Our results showed a potential new application carbon dots in membrane voltage sensing. However,
more experiments are needed for optimization and to explain the different sensitivities in positive
range and negative range.
5.2 Introduction
Carbon dots (CDs) refer to fluorescent carbon materials in nanoscale, which have attracted great
attention since they were accidentally discovered in early 2000s as a side product during the
purification of single-walled carbon nanotubes.1 CDs are one of the potential alternatives of
traditional semiconductor quantum dots in bioimaging applications due to their outstanding
properties, such as low toxicity, good biocompatibility, and multicolored emission.2 CDs can be
prepared through top-down method from conductive carbon materials like graphite and graphene
oxide and so on.3,4 Organic molecules and polymers can also be used as building blocks to
synthesize carbon dots, known as bottom-up method.5,6,7,8 In most cases, CDs have excitation100

dependent emission which is quite unique compared with other fluorescent materials such as
organic dyes, conjugated polymers, traditional semiconductor quantum dots, and fluorescent
proteins.9,3,10 Although the exact mechanism for the excitation dependence is still under debating
due to the diversity of synthetic methods and complexity of structures, scientists hypothesize that
it is related to size-dependent quantum confinement of conjugated sp2 domain, or multiple surface
states due to diverse surface functional groups, or collective contribution of various molecular
fluorophores embedded in the carbonized particle matrix based on the results from simulations,
single-particle level studies, and ensemble spectroscopy studies.9,11,12
The shifting and splitting of spectral lines of atoms or molecules under an external electric field
are known as Stark effect. Stark effect has been observed in organic dye molecules with
intramolecular dipoles, which is also one of the mechanisms for the design of voltage sensing
probes13. However, the photostability and brightness of the current electrochromic dyes still need
further improvements. The quantum-confined Stark effect has been demonstrated with
semiconductor nanocrystals at both single-particle level14,15 and ensemble level16. Furthermore, the
feasibility of the application of functionalized semiconductor nanocrystals in membrane potential
sensing has been reported by Shimon Weiss’s group17, but it is still far from practical application
and the potential hazards of Cd-based nanocrystals cannot be ignored. Recently, a theoretical work
was reported on the Stark effect and polarizability of graphene quantum dots18, but no experimental
research has been reported on the photoluminescence response of fluorescent carbon dots
including graphene quantum dots to electric field.
In this work, we are aiming to study the Stark effect of the carbon dots from experimental aspect.
The carbon dots synthesized from the modified soft-template method using citric acid and urea
had excitation-dependent emission ranging from 450 nm to 600 nm. The emission response to
101

external electric field was tested with external stepwise scanning voltages added on the artificial
membrane with carbon dots encapsulated in collaboration with Dr. Ping Yan and Prof. Leslie Lowe.
Our results showed the different voltage sensitivities at positive and negative voltage ranges, which
indicates the potential of fluorescent carbon dots as alternative voltage sensing probes.
5.3 Experimental Methods
5.3.1 Chemical
Citric acid (≥ 99.5%), oleylamine (70%), urea (≥ 99.0%), 1-octadecene (ODE, technical grade,
90%), and hexane (≥ 95%) were purchased from Sigma-Aldrich. Ethanol (200 proof) was got
from J.T.Baker. All chemicals were used as obtained without any purification.
5.3.2 Synthesis of Fluorescent Carbon Nanoparticles
The synthesis of fluorescent carbon nanoparticles referred to a previous report with modification.19
Typically, citric acid (0.5g) and urea (0.156g) were dissolved in deionized water (0.5 mL) by
sonication. Then the mixture was added into a flask containing 4.5 mL of ODE and 0.5 mL of
oleylamine. The solution was stirred for 10 min first and then heated up to 250 °C for 3h under
nitrogen protection. The color of the solution changed from white to transparent, yellow, and
brown gradually during heating. The product was purified three times by precipitation with ethanol
and redispersion with hexane.
5.3.3 Characterizations
UV–vis absorption spectra were taken on an Agilent Technologies Cary-60 UV–vis spectrometer.
PL spectra were measured with a Horiba FluoroMax Plus fluorometer. Hexane was the solvent of
samples. Transmission electron microscopy (TEM) images were taken using a Thermo FisherTalos microscope at an accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS)
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characterization of the synthesized materials were done on a PHI model Quantum 2000
spectrometer with scanning ESCA multiprobe (F Physical Electronics Industries Inc.), using Al
Kα radiation (λ=1486.6 eV) as the radiation source. The spectra were recorded in the fixed analyzer
transmission mode with pass energies of 187.85 eV and 29.35 eV for recording survey and high
resolution spectra, respectively. The samples were dropped onto silicon wafer, dried and then
pressed onto double sided carbon tape, mounted on an Al coupon pinned to a sample stage with a
washer and screw then placed in the analysis chamber. Binding energies (BE) were measured for
C 1s, N 1s, O 1s. The XPS spectra obtained were analyzed and fitted using CasaXPS software
(version 2.3.16). Sample charging effects were eliminated by correcting the observed spectra with
the C 1s BE value of 284.8 eV.
Voltage sensing measurements were carried out with a home-built setup as shown in Scheme 4.1.

Scheme 5.1 The illustration of the setup of voltage sensing measurements.
Here we encapsulated the fluorescent carbon nanodots into a hemispherical lipid biliayer made
from oxidized cholesterol. Then a MATLAB program was used to apply voltage as a
programmable series of stair case steps via a National Instruments PCI-MIO-16E-4 DAQ card.
Fluorescence photon was detected with a Hamamatsu GaAsP PMT module (H10770PA-40, non-
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cooled) with output connected first to a Femto DLPCA-200 and finally an EG&G Parc 113 (30kHz
low-pass) preamplifier before sampling by the DAQ card at 200kHz.
5.4 Results and Discussion
As shown in TEM images of carbon dots (Fig 5.1), the dots have a relatively broad size distribution
from about 25 nm to 85 nm with an average diameter around 52 nm, which is larger than the size
in the reference of the soft-template synthesis (below 10 nm).19 We attributed this difference to the
addition of urea in the reactants. The urea may influence the surface strain of the aqueous droplet
formed in ODE, leading to a larger droplet size and particle size.

Figure 5. 1 TEM images of carbon dots synthesized with citric acid and urea using the
soft –template method.
Figure 5.2 demonstrates the UV-Vis absorption spectrum of the carbon dot solution in hexane. The
carbon dots didn’t show obvious absorption peak features in the UV-Vis range. Only a slight
shoulder peak can be distinguished around 350 nm, which could be attributed to the π- π*
transition.20 The UV-Vis features might be related with the broad size distribution of the sample.
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Figure 5. 2 UV-Vis spectrum of carbon dots dispersed in hexane.
The photoluminescence shows excitation dependent emission, as previously reported. The
emission maximum redshifts from 450 nm to 590 nm with longer excitation wavelength from 340
nm to 540 nm. (Fig. 5.3) The large peak width indicates multiple emitting species present in the
carbon dots, which might be related to the broad size distribution, surface states, and fluorescent
molecular moieties as mentioned above. Under LED light with increasing center wavelength, the
sample showed various emission colors from white to green, yellow, and orange. (Fig. 5.4)

Figure 5. 3 Photoluminescence spectra of carbon dots with different excitation
wavelength (A) and after normalization (B).
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Voltage sensing measurements were carried out with a customized setup as shown above. After
encapsulated in artificial membrane of oxidized cholesterol, the fluorescence response to external
electric field was observed as shown in Fig. 5.5A. Our sample showed great sensitivity to

Figure 5. 4 Optical images of carbon dot solution under the excitation of different LED
light sources (left to right: increasing wavelength of LED emission band center).
membrane voltage, which was 12% change per 100 mV for negative range, 4% for positive range.
(Fig. 5.5). The sensitivity is comparable with some of commercial voltage sensitive dyes.
Interestingly, the different sensitivities in positive and negative voltage range, derived from the
different slopes of lines in Fig. 5.5B. This unusual behavior may be related to the orientation of

Figure 5. 5 (A) Fluorescence response and transmembrane voltage vs. time, (B) Voltage
sensitivity of carbon dots with graphing fluorescence response vs. transmembrane voltage.
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intraparticle dipole relative to the electric field. However, more control experiments and theoretical
studies are needed to provide a convincing explanation.
5.5 Conclusion
Fluorescent carbon dots were prepared from citric acid and urea with a soft-template method. The
carbon dots showed remarkable excitation-dependent emission features in the visible range. The
photoluminescence response of carbon dots to external electric field was observed with a
membrane potential probe screening setup. After encapsulated in artificial lipid bilayers, the
carbon dots showed sensitivity of 12% change per 100 mV for negative range and 4% for positive
range, which are competitive to the commercial membrane potential sensing dyes. Our work shows
the great potential of carbon dots as membrane potential sensing probes while more optimization
and feasibility experiments need to be done.
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Appendix Chapter: Au-Cu-M (M=Pt, Pd, Ag) Nanorods with Enhanced
Catalytic Efficiency by Galvanic Replacement Reaction
Reprinted and modified with permission from: X. Wang, S. Chen, G. Reggiano, S. Thota, Y. Wang;
P. Kerns; S.L. Suib, S, J. Zhao, Chem. Commun. 2019, 55, 1249-1252. Copyright 2019 The Royal
Society of Chemistry

A.1 Abstract
This work reports a general wet-chemistry method to produce Au-Cu-X (X=Pt, Pd, and Ag)
trimetallic nanorods using galvanic replacement reaction with Au-Cu nanorods as the templates.
The mild conditions, such as low temperature and slow injection of metal precursors, contributed
to the slow galvanic replacement reaction and helped maintain the rod structure intact. The
distribution of Au, Cu and the doping metals was even in the rods as confirmed by elemental
mapping. The alloyed trimetallic nanorods showed enhanced catalytic activity for p-nitrophenol
reduction after incorporating the third metal. Remarkably, the Au-Cu-Pd and Au-Cu-Pt nanorods
show more than an order of magnitude improvement in the mass activities than Au-Cu nanorods.
The facile and general synthetic method can be applied to fabricate other multimetallic
nanoparticles with varying shapes and compositions.
A.2 Introduction
Multimetallic nanoparticles have potential in a widespan of applications because of their
superior optical, magnetic and especially outstanding catalytic properties. 1 Incorporating
other metals with noble metal not only decreases the cost of noble metal catalysts but also
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adjusts the adsorption energy and electron distribution of metal atoms on the surface. 2,3
Thus, multimetallic nanoparticles often have enhanced catalytic efficiency and durability
than their monometallic counterparts, fulfilling key requirements in practical applications.47

The catalytic improvement of multimetallic nanoparticles have been observed for many

reactions, such as methanol oxidation, oxygen reduction and p-nitrophenol reduction
reaction (NRR). For example, PtCuCo nanostructures have been reported to have a better
catalytic activity for NRR than Pt and PtCu nanostructures. 8 The catalytic activity of
AgAuPd nanoparticles in NRR is also enhanced after incorporating Pd into AgAu
nanoparticles.9 Recent development in synthetic techniques allows multimetallic
nanoparticles composed of up to eight metals to be synthesized. 10,11 However, extremely
high temperature or special instrumentation was required. Other more common wet
chemistry methods generally limit the composition of the multimetallic nanoparticles to
two or three.12,13 Among the reported colloidal synthetic methods to produce trimetallic
nanoparticles, co-reduction is the most straightforward and widely used method, 13-15 but
the challenge to reduce three types of metal precursors simultaneously restricts the types of
trimetallic nanoparticles that can be fabricated by co-reduction method. To enrich the metal
composition we can access in one method, a general synthetic method for trimetallic
nanoparticles is desired.
Galvanic replacement reaction (GRR) provides an alternative to control the composition
and morphology of metal nanostructures.16,17 Using monometallic nanoparticles as
template and a metal precursor with a higher reduction potential, the atoms in the template
can be oxidized and the second metal can be reduced and deposited on the template and
thus to produce hollow or hybrid bimetallic nanoparticles. Recently, our study enriched the
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mechanism of GRR with bimetallic template. 18,19 Through careful control of Au precursor
concentration, solid AuCu3 nanorods evolved into Au-Cu nanostructures of varying
morphology and Au/Cu ratio. Although GRR is a powerful and versatile route to synthesize
bimetallic NPs, using this method to prepare trimetallic nanostructures with various
composition from one bimetallic template is much less explored. 20 Theoretically, when
bimetallic nanoparticles are used as template, GRR could occur between one of the
components in the template and various metal precursors with a higher reduction potential
to incorporate the third metal into the template. To prove this hypothesis, we developed
here a general GRR based method to produce Au-Cu-X (X=Pt, Pd, and Ag) trimetallic
nanorods using Au-Cu nanorods as the templates. As shown in Scheme 1, presynthesized
AuCu3 nanorods21,22 were used for GRR of Cu with corresponding metal precursors,
including Pt, Pd and Ag. During the reaction, the corresponding metal diffused into the
crystal lattice and replaced Cu to form a trimetallic alloy. Under proper reaction conditions,
the rod structure of the template remained intact, allowing for the fabrication of Au-Cu-X
nanorod of similar morphology. The trimetallic nanorods were applied as catalysts for 4nitrophenol reduction reaction and showed enhanced catalytic activities compared to that
of the Au-Cu nanorods.

Scheme A. 1 Schematic galvanic replacement mediated synthesis of trimetallic nanorods.
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A.3 Experimental Methods
A.3.1 Materials
Silver nitrate (AgNO3 99%), oleylamine (OLA, 70%), toluene (>99.5%), chloroplatinic acid
hexahydrate (H2PtCl6.6H2O, 99.9%), chloroform ( ≥99.8%), palladium (II) acetylacetonate (99%),
gold(III) chloride trihydrate (HAuCl4.3H2O 99.9%), copper(II) acetylacetonate (97%), 1octadecene (ODE 90%), 4-nitrophenol (p-nitrophenol ≥99%) and sodium borohydride (NaBH4,
98%) were all obtained from Sigma-Aldrich. Thiol terminated poly(ethylene glycol) methyl ether
(PEG-SH, Mw=5000), amine terminated poly(ethylene glycol) methyl ether (PEG-NH2,
Mw=5000) were purchased from Polymer Source. Tetradecylamine (>96.0%) was bought from
TCI America. Ethanol (200 proof) was got from J. T. Baker.
A.3.2 Preparation of Metal Precursors
A.3.2.1 Preparation of Silver Precursor Solution
5 mg of AgNO3 was dissolved in 1.0 ml of oleylamine and then diluted with 2.0 ml of toluene.
A.3.2.2 Preparation of Platinum Precursor Solution
5 mg of H2PtCl6.6H2O was dissolved in 1.0 ml of chloroform and then diluted with 2.0 ml of
toluene.
A.3.2.3 Preparation of Palladium Precursor Solution
5 mg of palladium (II) acetylacetonate was dissolved in 1.0 ml of chloroform. 2.0 ml of toluene
was added afterwards.
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A.3.3 Synthesis of AuCu3 Nanorods
19.7 mg of HAuCl4.3H2O (0.05 mmol) was dissolved in 2.15 g of tetradecylamine (10mmol) at
50 ℃ under stirring. The solution was then heated up to 140 ℃ and maintained at 140 ℃ for 20
minutes. Next, 53.2 mg of copper (II) acetylacetonate (0.2 mmol) was added into the solution at
140 ℃. Then the solution was heated up to 180 ℃ and the temperature was kept for another 20
minutes.
The AuCu3 nanorods were separated by adding 5 ml of toluene and centrifugation at 3000 rpm for
2 minutes. The nanorods were redispersed in 8 ml of toluene and separated a second time by
centrifugation at 3000 rpm for 2 minutes. The AuCu3 nanotods were dispersed in 3 ml of toluene
for storage.
A.3.4 Seed-mediated Synthesis of Au-Cu-M Nanorods
1 mL of OLA and 2 ml of ODE were added to the AuCu3 solution. AuCu3 nanorods were dispersed
in the mixture by sonication. For silver, the reaction solution was heated to 60 ℃. Palladium and
platinum trimetallic nanorods were synthesized at room temperature. After the desired temperature
reached, 3 ml of the metal precursor solution was injected gradually into the reaction flask in 1
hour. The corresponding temperature was maintained during the synthesis and kept 5 more minutes
after the injection.
The trimetallic nanorods were separated by adding 6 mL of ethanol, followed by centrifugation at
5000 rpm for 5 minutes. The resulting product was dispersed in toluene.
A.3.5 Ligand Exchange for Au-Cu-M nanorods
10 mg of PEG-SH/PEG-NH2 was dissolved in 5 ml of chloroform in a 25 ml vial. The vial was
capped with parafilm, covered with tin foil and stirred with a magnetic bar for 10 minutes at room
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temperature. 2 mL of the nanorod solution was added dropwise to the polymer solution while
stirring. The solution was bubbled with nitrogen for 5 minutes and stirred overnight. The nanorods
were then precipitated with hexane and washed with ethanol and water. The nanorods were first
dispersed in ethanol. After evaporation of the solvent, the mass of the nanorods was determined.
The nanorods were redispersed in DI water to a concentration of 1 mg/ mL.
A.3.6 Catalytic measurement of the reduction of p-nitrophenol
1.4 mM p-nitrophenol and 0.42 M NaBH4 were prepared separately as stock solutions. 0.5 mL of
the p-nitrophenol stock solution was mixed with 7.0 ml of DI water. Then 1.0 ml of NaBH4 stock
solution was added during stirring. 200 microL of the nanorod solution at a concentration of 1
mg/mL was added to the solution. 2.0 mL of the reaction solution was immediately transferred to
a quartz cuvette and absorption spectra were measured by UV-Vis spectrometer at different time
intervals.
A.3.7 Characterization
UV-Vis spectra were measured with a Cary 60 (Agilent Technologies) UV-Vis spectrometer.
Transmission electron microscopy (TEM) images, high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images and energy-dispersive X-ray (EDX)
mapping images were all obtained using a FEI-Talos microscope at an accelerating voltage of 200
kV.
The concentrations of metal elements were measured with an Agilent 7700 inductively coupled
plasma mass spectrometer (ICP-MS) with a helium collision cell. Samples and standards were
matrix matched with trace metal grade HNO3 and HCl. Standards, QC checks and spike solutions
were prepared from high purity standards (VHG Labs, Inc., Manchester, NH). Scandium, Indium
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and Bismuth were used as internal standards. QC samples, internal standards and spike recoveries
were within 20 percent or better of expected values.
X-ray photoelectron spectroscopy (XPS) characterization of the synthesized materials were done
on a PHI model Quantum 2000 spectrometer with scanning ESCA multiprobe (F Physical
Electronics Industries Inc.), using Al Kα radiation (λ=1486.6 eV) as the radiation source. The
spectra were recorded in the fixed analyzer transmission mode with pass energies of 187.85 eV
and 29.35 eV for recording survey and high resolution spectra, respectively. The thin film sample
was pressed onto double sided carbon tape, mounted on an Al coupon pinned to a sample stage
with a wash and screw then placed in the analysis chamber. Binding energies (BE) were measured
for Au 4f, Cu 2p, Ag 3d, Pd 3d and Pt 4f. The XPS spectra obtained were analyzed and fitted using
CasaXPS software (version 2.3.16). Sample charging effects were eliminated by correcting the
observed spectra with the C 1s BE value of 284.8 eV.
A.4 Results and Discussion
A.4.1 Structure and Composition of Multimetallic Nanocrystals
For all the GRRs, 5 mg of metal salt was dissolved first and diluted with toluene to 3.0 ml. The
metal precursor then was injected into AuCu3 solution in 1 h at the rate of 3 ml/h. The reaction
solution was kept stirring for 5 more minutes after the injection was finished. The reaction
temperature was at room temperature for Pt and Pd, and 60 °C for Ag. The reason why different
temperatures were used is explained below. More details of the experimental procedures can be
found in the Supporting Information. Figure 1A shows the representative transmission electron
microscopy (TEM) image of Au-Cu-Pt nanorods fabricated by GRR between AuCu3 nanorod and
H2PtCl6. The nanorods with rough surface were uniformly distributed without agglomeration. The
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Figure A. 1 Electron microscopic analysis of the as-prepared Au-Cu-Pt NRs. (A) TEM image, (B)
HAADF-STEM images, (C-F) EDS elemental maps for (C) mixed composite map, (D) Au, (E)
Cu, and (F) Pt.
high angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) image
(Fig. A.1B) and energy dispersive X-ray (EDX) mapping images (Fig. A.1C-F) reflect that Au, Cu
and Pt are evenly distributed in the trimetallic
nanorods, confirming the uniformly alloyed Pt in
the nanorods. Notice that the Au-Cu-Pt rods are
still solid like original AuCu3 nanorod templates
(Fig A.2), whereas many galvanic replacement
reactions produce hollow nanostructures.23,16,18
We believe the solid structure was preserved
Figure A. 2 TEM image of AuCu3 nanorods.

because the GRR occurred at room temperature
with the continuous slow infusion of the Pt
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precursor instead of one-time injection. The mild conditions favor a slow reaction rate, preserving
the solid rod structure but resulting in roughened surface of the nanorods.

Figure A. 3 (A) TEM image of Au-Cu-Ag nanorods, (B) TEM image of Au-Cu-Pd nanorods, and
their corresponding HAADF-STEM images, EDX elemental maps, and linear scan spectra.
Adjusting atomic composition of AuCu3 nanorods by GRR can be extended to Au-Cu-Ag
and Au-Cu-Pd systems as well. For both Pt and Pd precursors reacting with AuCu 3 rods,
the reaction occurred at room temperature. But for the Ag case, the reaction temperature
was elevated to 60 °C because of the lower redox potential of Ag+/Ag (0.7994 V) in
comparison with Pt2+/Pt (+1.2 V) and Pd2+/Pd (0.987 V). Figure A.3 shows the TEM
images of Au-Cu-Pd and Au-Cu-Ag nanorods. The EDX mapping data and line scans in
Figure A.3A and A.3B demonstrate the even distribution of Au, Cu and Ag, and Au, Cu
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and Pd in the rods, respectively. The incorporation of the third metal was also confirmed
by the appearance of binding energy bands corresponding to the third metal in X-ray
photoelectron spectroscopy (XPS) spectra (Fig. A.4).The elemental ratio data from
inductively coupled plasma mass spectrometry (ICP-MS) listed in Table A.1 showed a
much higher percentage ratio of Ag than that of Pd/Pt in the trimetallic nanorods. The high
ratio of Ag can be attributed to the high reaction temperature. At elevated temperature, the
reaction rate of GRR is faster thus more Ag was incorporated into the nanorods. In addition,
oleylamine can reduce Ag+ at 60 °C when AuCu3 nanorods are present in the reaction
solution because of the low free energy barrier of heterogeneous nucleation, allowing Ag
to be deposited on the nanorods.24,25 Reactions at higher temperatures and increased

Figure A. 4 XPS spectra of Ag 3d in AuCuAg (A), Pd 3d in AuCuPd (B) and Pt 4f in AuCuPt (C)
nanoalloys.
concentration of Ag precursors increased the GRR rate, and led to the formation of
spherical Au-Cu-Ag nanoparticles, as previously reported.26 Therefore, to maintain the rod
structure, it is important to keep the GRR rate slow.
Table A. 1 Atomic ratio of metal elements in PEG-SH capped alloyed metal nanoparticles derived
from ICP-MS data.
Samples
AuCu3@PEG-SH
AuCuPt@PEG-SH
AuCuPd@PEG-SH

Cu (%)
56.53
65.72
59.20

Au (%)
43.47
34.07
40.58
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The third metal (%)
N/A
0.21 (Pt)
0.22 (Pd)

AuCuAg@PEG-SH

48.68

37.3

13.59 (Ag)

A.4.2 Catalytic Activities
The AuCu3 nanorods are known to be a good catalyst for the reduction of p-nitrophenol by
NaBH4 to p-aminophenol.27,28 By incorporating the third element, the catalytic activity of
the Au-Cu nanorods can be further improved. Moreover, the trimetallic nanorods maintain
similar size and geometry, allowing us to study the influence of surface composition on
catalytic activity. Since the NRR occurs in aqueous solution, ligand exchange was
performed with PEG-SH to transfer the nanorods from oil phase to aqueous phase prior to
catalytic studies. In all the catalytic reactions the concentration ratio of p-nitrophenol to
NaBH4 was fixed at 1:600 with the same total volume. The amount of multimetallic
catalysts was fixed at 0.2 mg for every reaction. Detailed procedures are described in
Supporting Information. Figure A.5A gives the time-dependent UV-Vis spectra of the
reaction solution catalyzed by Au-Cu-Pt nanorods. As the reaction proceeded, the UV-Vis
absorption peak at 400 nm decreased indicating the consumption of p-nitrophenol. At the
same time, the UV-Vis absorbance at 315 nm according to p-aminophenol increased
representing the production of p-aminophenol. The absorbance at 400 nm versus time was
used to monitor the reaction catalyzed by AuCu3 or Au-Cu-M nanorods and the results were
presented in Figure A.5B. With the metal catalysts, the absorbance at 400 nm decreased
rapidly. The rate of absorbance decrease is depending on the catalytic activity of the
catalyst. Au-Cu-Pt/Pd resulted in a fast drop of absorbance at 400 nm with an induction
time shorter than 1 min. At 3 min, the change in the absorbance at 400 nm became very
slow. However, for Au-Cu-Ag nanorods, the absorbance stayed unchanged for quite a while
and started to decrease at 16 min and took 15 more min to plateau. The NRR can be
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considered as a pseudo-first order reaction because NaBH4 was in excess. The reaction rate
constant (k) with each catalyst was determined by plotting the natural log of the absorbance
versus time (Figure A.5C and A.5D). All the catalytic property data were summarized in

Figure A. 5 A) Time-dependent UV-Vis absorption spectra of p-nitrophenol reaction solution
during the reduction with Au-Cu-Pt nanorods, (B) normalized absorption of p-nitrophenol in

presence of Au-Cu, Au-Cu-Ag, Au-Cu-Pd, and Au-Cu-Pt nanorods vs. time, (C) the natural log
of the normalized absorption of p-nitrophenol vs time of Au-Cu, Au-Cu-Pd, Au-Cu-Pt, and (D)
Au-Cu-Ag.
Table A.2. The k with the catalysis of Au-Cu nanorods is 0.0025 s-1, while the reactions
with Au-Cu-Pd and Au-Cu-Pt as catalyst have a much higher k value of 0.0293 s -1 and
0.0280 s-1, respectively. Even though the Au-Cu-Ag nanorod has an induction period of 16
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min, much longer than the other three types of metal catalysts, its reaction rate constant is
0.0057 s-1 with the mass activity of 0.0284 s-1·mg-1, better than the performance of AuCu3
nanorods. The mass activity of AuCu3 measured here is 0.0125 s-1·mg-1 which is consistent
with our previous reports.18,21 After Pt incorporation, the mass activity of Au-Cu-Pt has
been increased greatly to 0.140 s-1·mg-1. The mass activity of Au-Cu-Pd was enhanced even
more to reach 0.146 s-1·mg-1. The molar activity of Au-Cu and the third metal were
calculated with the k values and ICP-MS results and shown in Table A.2. The molar activity
of the third metal is much higher than that of Au-Cu alloy, especially for Pt and Pd.
Therefore, introducing the third metal into Au-Cu nanorods greatly enhanced their catalytic
activity.
Table A. 2 Catalytic property data of Au-Cu based multimetallic catalysts
Catalyst
AuCu3@PEG-SH
AuCuPt@PEG-SH
AuCuPd@PEG-SH
AuCuAg@PEG-SH

Induction
time/ min
<1
<1
<1
16

Rate constant/ s-1

bMass

activity/
s-1mg-1
0.0125
0.140
0.146
0.0284

0.0025
0.0280
0.0293
0.0057

Contribution of
AuCu/ s-1mol-1
1.73×105
a
1.73×105
a1.73×105
a1.73×105

Mol activity of the
third metal/s-1mol-1
N/A
4.64×107 (Pt)
5.21×107 (Pd)
1.71×106 (Ag)

a

assuming the mol activities of Au-Cu part in bimetallic and trimetallic nanoalloys are the same.

b

based on the mass of PEG-SH capped alloyed metal nanorods.
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A.4.3 Mechanism for Enhanced Catalytic Activities of Trimetallic Nanocrystals
Enhanced catalytic activities of the trimetallic nanorods can be attributed to the adjustment
in adsorption energy of p-nitrophenol to the nanorod surface resulting from the doping of a
third metal into Au-Cu nanorods. Pozun et al. have reported that Au-Cu alloy has a bipolar
distribution of adsorption energy of p-nitrophenol because of the disparate lattice constants
between Au and Cu. Pd and Pt have adsorption energies and lattice constants between Au
and Cu.29 Incorporating Pt/Pd to AuCu3 nanorods serves to relieve the compression caused
by the lattice constant mismatch of Au and Cu. Introducing the third metal shifts the binding
energy of Au 4f and Cu 2p to higher energy (Fig. A.6), suggesting the diffusion of the third
metal into the lattice of Au-Cu alloy and electron transfer from Au-Cu to the third metal.
These factors could probably switch the adsorption energy back to the unimodal
distribution and shift the center of adsorption energy distribution close to the peak in

Figure A. 6 XPS spectra of Au 4f (A) and Cu 2p (B) of AuCu, AuCuAg, AuCuPd and
AuCuPt nanoalloys.
volcano plot. Thus, great enhancement in catalytic activities were observed for Au-Cu-Pt
and Au-Cu-Pd trimetallic nanorods. The slight increase in the rate constant by Au-Cu-Ag
is probably a result of a similar phenomenon. However, Ag has an adsorption energy slight
higher than Au and lattice constants very close to that of Au. The relief of lattice constants
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in Au-Cu alloys by replacing Cu with Ag was not very remarkable as Pd and Pt, so just a
slightly higher rate constant was observed with Au-Cu-Ag nanorods. We believe this much
small increase in the rate constant is also resulted from the much high ratio of Ag content
and strong binding between PEG-SH and Ag, which is discussed below. The enhancement
in the catalytic activity of the trimetallic nanorods could also arise from the
undercoordinated atoms on the rod’s surface, which could act as active sites for catalysis.

A.4.4 Analysis of The Long Induction Time for Au-Cu-Ag Nanorods
The abnormally long induction time for Au-Cu-Ag nanorods is attributed to the strong binding of
the thiol group in PEG-SH ligand to the Ag atoms. Compounds containing thiol group often form
strong complexes with Ag and Au.30,31 Although the atomic ratios of Au in all three types of
trimetallic nanorods are close, Ag has a much higher atomic ratio in Au-Cu based trimetallic
nanorods than Pt and Pd (Table A.2), meaning more Cu was replaced in the Au-Cu-Ag rods. The
high affinity of thiol group for Ag may block the access of p-nitrophenol to the surface of Au-CuAg nanorods and negatively affect the catalytic properties, resulting in the elongation of induction

Figure A. 7 (A) Time-dependent UV-Vis absorption spectra of p-nitrophenol reaction solution
during the reduction with PEG-NH2 capped Au-Cu-Ag nanorods, (B) normalized absorption of pnitrophenol in presence of PEG-NH2 capped Au-Cu-Ag nanorods vs. time, (C) the natural log of
the normalized absorption of p-nitrophenol vs time of PEG-NH2 capped Au-Cu-Ag nanorods.
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period and suppression of catalytic activity.32 To confirm the effect of the ligand on catalytic
activity, an additional ligand exchange was performed with Au-Cu-Ag nanorods using PEG-NH2.
Compared with PEG-SH capped Au-Cu-Ag nanorods, it was found that PEG-NH2 capped
nanorods had a shorter induction time of 4 minutes and an increased rate constant of 0.0082 s-1
(Fig. A.7). These results support the hypothesis that the long induction time arises from the strong
binding between thiol and silver atoms. At the same time, the contribution of dissolved oxygen to
the long induction time cannot be excluded. Dissolved oxygen has been reported to increase the
induction time of metal nanoparticle catalyst.33,34 Control experiments were performed with N2
saturated water. A shorter induction time was observed (Fig. A.8). Nevertheless, it does not change
our conclusion that the PEG-SH ligands play a role in the long induction time.

Figure A. 8 Absorption of nitrophenol in the presence of PEG-SH capped Au-Cu-Ag nanorods
vs. time in N2 saturated DI water.
A.5 Conclusions
In summary, galvanic replacement reaction is used to enrich the atomic composition of
metal alloy nanorods using AuCu3 nanorods as a model system. Au-Cu-M (M=Pt, Pd, Ag)
trimetallic nanorods were synthesized by replacing Cu in AuCu 3 nanorods with
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corresponding metal precursors at low temperature with continuous infusion of precursors.
The slow galvanic replacement reaction helps maintaining the rod shape of AuCu 3
template. Incorporating a third metal greatly enhances the catalytic performance of AuCu 3
nanoalloy in NRR. Compared with the catalytic activity of AuCu3 nanorods, the rate
constants of p-nitrophenol reduction using Au-Cu-Pd and Au-Cu-Pt nanorods as catalytsts
were increased more than 11 times. Au-Cu-Ag gave a 2.27 times higher mass activity than
AuCu3 to the NRR. And a longer induction time was observed because of strong binding
between thiol group of PEG-SH and Ag atoms and the relatively high Ag content. With
appropriate combination of templates and metal precursors, galvanic replacement reaction
is very promising to be extended to other systems. The development of such a versatile
method is critical for fundamentally understanding the impacts of atomic composition on
catalytic performance of multimetallic catalyst and the preparation of excellent
multimetallic catalysts towards practical applications.
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